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Summary
SUMMARY
Poly(dimethylsiloxane) (PDMS), is one of the polymers with the lowest surface energy 
in common use, it possesses good physical and electrical properties, which, along with 
easy processability makes it suitable for use in a range o f different industrial and 
domestic applications. In this study, the surfaces o f two PDMS formulations have been 
treated with a mild, low pressure, plasma to modify the surface properties. 
The, normally non-adhesive, PDMS was found to adhere very well to glass substrates 
after plasma treatment.
This study has been carried out to gain a better understanding o f the physico-chemical 
reactions and changes that take place on the surface o f plasma treated PDMS by using 
XPS, ToF-SIMS and AFM to characterise the PDMS surfaces.
During this work, a novel approach was successfully developed using an artificial neural 
network to sort and classify the large number o f very similar XPS spectra that resulted 
from the investigation o f plasma treated PDMS. Peak fitting protocols have been 
devised for complex C ls and Si2p XPS spectra o f the model and commercial PDMS, 
and these results correlate well with the formation o f an SiOH component, identified by 
ToF-SIMS. The SiOH component is the main factor responsible for adhesion between 
plasma treated PDMS and glass. The level o f adhesion achieved between the plasma 
treated PDMS and glass has been quantified using a modified JKR approach developed 
for this work, and is shown to be related to the plasma exposure time.
The characterisation o f the PDMS surfaces, before and after plasma treatment, has led to 
an understanding o f the mechanism o f plasma surface modifications and subsequent 
mechanisms o f adhesion between PDMS and glass. Models for such mechanisms are 
proposed on the basis o f spectroscopic and empirical observations.
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Chapter One: Introduction
Chapter One
Introduction
1.1. POLY(DIMETHYLSILOXANE)
The beginning o f silicon science starts in nature. Sand, or silica, is the fine residue of 
quartz rock and is made up of the two most abundant elements in Earth’s crust -  oxygen 
and silicon. Silicon-based materials have been of technological importance throughout 
recorded history. Initially, quartz and silica-based stones were fashioned into tools to 
enhance survival. Later, glass and ceramic technologies developed. The new silicon- 
based technologies o f optics and electronics followed, in response to the changing 
demands o f an evolving world. Today, silicon science continues to evolve in pace with 
the demanding needs o f our society.
A recognition o f the importance o f organo-silicon technology occurred when the Dow 
Coming Corporation was formed in 1943 as a joint venture between Coming Glass 
Works (now Coming Incorporated) and The Dow Chemical Company. Today, Dow 
Coming provides performance-enhancing solutions to serve the diverse needs o f more 
than 25,000 customers worldwide. A global leader in silicone-based technology and 
innovation, offering more than 7,000 products and services, Dow Coming is equally 
owned by The Dow Chemical Company and Coming Incorporated. More than half o f  
Dow Coming’s annual sales are outside the United States1.
Beyond the ordinary to the extraordinary, silicone-based products provide an advantage 
in nearly every industry segment of today’s economy. Easily tailored by varying 
molecular structure, network density, molecular size, or functional contents, a world of  
possibilities emerges: free-flowing resins, rigid plastics, rubbers, greases, powders, and 
fluids. The flexible surface properties of silicon-based materials make them ideal for 
many application, including paper and mold release agents, textile modifiers, water
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repellents, defoaming agents, anticaking aids, corrosion inhibitors, emulsifiers, 
lubricants, conditioners, and glass enhancers. These are just a few o f the thousand of  
applications for silicone-based products.
Poly(dimethylsiloxane), or PDMS, is the most common silicone polymer, and is used as 
end-use industrial material, such as transformer fluid, as process aids or surface 
treatments in the manufacture o f textiles; papers and leather goods; and in a variety of 
personal care products. Compared to organic hydrocarbon polymers, PDMS is more 
thermally stable and performs over a wider range o f temperature, both high and low. It 
is more resistant to oxygen and ozone attack. It is also a very low surface energy 
polymer, only those polymers based on aliphatic fluorocarbon entities are significantly 
lower in their surface energy. The following list of qualitative attributes summarises the 
properties o f PDMS,
1. Low surface energy.
2. Hydrophobic.
3. Non-adhering surface.
4. Water insoluble.
5. Low molecular weight polymer component.
6 . High surface mobility.
7. Low glass transition temperature.
8 . Good dielectric properties.
9. High thermal and oxidative stability.
10. Excellent resistance to weathering.
11. Low reactivity, toxicity and combustibility.
12. Low environmental hazard.
13. Small temperature variation o f physical properties.
14. Flexible to low temperatures.
15. Transparency to u.v. in normal atmosphere.
In this list, the terms high and low refer to comparison with organic hydrocarbon 
polymers. There are four fundamental properties o f PDMS which account for this 
behaviour2. They are; (a) the partially ionic nature o f the siloxane backbone, (b) its high 
bond energy, (c) its unique flexibility, and (d) the low intermolecular forces between
2
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silicone molecules dominated by the London dispersion forces associated with the 
pendant methyl groups. Methyl groups on a siloxane backbone produce a very different 
material to methyl groups in a hydrocarbon. Likewise the siloxane bonds o f PDMS do 
not behave the same way as those o f silica and a deeper consideration o f the 
fundamental attributes o f the PDMS polymer architecture need to be understood.
1.2. AIMS OF THE CURRENT RESEARCH
Poly(dimethylsiloxane), is one of the polymers with the lowest surface energy in 
common use. It possesses hydrophobic surface properties, high surface resistivity, low 
density, good processability and good mechanical and electrical properties. Frequently, 
however, it is desirable to alter the surface properties o f PDMS whilst preserving the 
material’s bulk properties, and often this is achieved by plasma treatment, though the 
effects are usually transient. Plasma modification o f polymers is a process o f growing 
importance in material science today. First introduced commercially about 30 years ago, 
it provides a means o f controlling the surface properties without affecting the bulk 
properties. As only a few molecular layers in the surface region are changed by the 
plasma, it offers an environmentally acceptable process without the use o f volatile 
solvents or highly reactive chemical treatments and produces no problematic 
wastestreams. The use of plasma treatment to increase the wettability o f polymers has
70been known for a considerable time . The most familiar application o f plasma 
treatment o f polymers is to improve the bondability o f polymers to dissimilar materials 
while producing no change in their bulk properties by the appropriate surface 
preparation o f the substrate.
Various authors have studied the effects o f plasma treatment on the surface o f PDMS12, 
20’ 55, and Mittal17 has described a range o f plasma treatment techniques for polymer 
surface modifications. Despite numerous earlier studies on the plasma treatment o f  
PDMS, there is no general consensus on the effects o f plasma treatment, nor on the 
mechanisms o f subsequent hydrophobic recovery20. In previous studies, high power, 
long treatment times were used. It was shown that the top siloxane layer transformed
3
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into a thin, uniform and brittle silica-like surface after plasma treatment in oxygen rich 
atmospheres21.
Adhesion developed between solid elastomeric materials after plasma treatment is a 
relatively new concept, upon which a new technology can be built. An international 
patent application has been applied by Dow Coming Corporation on, “A method for 
creating adhesion includes plasma treating two substrates and thereafter contacting the 
substrates. The method can be used on a variety o f dry surfaces. The method was used 
to adhere non-adhesive surfaces such as a cured silicone with a ceramic or 
semiconductor”, patent application WO 2002-US29990 20020920, priority US 2001- 
9734983.
The aim of the present work is to gain a better understanding o f the physico-chemical 
reactions and changes taking place on the plasma treatment o f PDMS surfaces under 
mild air low pressure glow discharge plasma conditions, and to understand the 
mechanisms o f adhesion taking place between plasma treated PDMS and glass 
substrates.
This study has the following aims:
1) To characterise the surfaces of ‘as received’ poly(dimethylsiloxane) with the aid 
of surface analytical techniques.
2) To analyse the plasma generated in the plasma chamber employed in this study 
and gain understanding on the effects o f plasma treatment o f polymeric surfaces.
3) To follow, analytically, the variations in the surface composition o f the plasma 
treated PDMS.
4) To investigate the effect of low power plasma treatment on the adhesion of 
PDMS to glass substrate, as a direct evidence o f surface modification and 
enhancement o f surface properties.
4
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1.3. STRUCTURE OF THESIS
The first four chapters o f this thesis are concerned with providing the reader with an 
introduction to the aims and objectives o f this project (Chapter 1); a comprehensive 
review of some o f the more general aspects o f silicone chemistry, plasmas and adhesion 
(Chapter 2); techniques for characterising plasma treated surfaces, including X-ray 
photoelectron spectroscopy, secondary ion mass spectrometry, atomic force microscopy 
and thermodynamic studies (Chapter 3); and details o f the material systems o f study and 
their preparation and experimental methods (Chapter 4). The report is then split into two 
major results sections.
The first section, Chapter 6 , deals with the surface analytical characterisation o f both the 
‘as received’ and plasma treated poly(dimethylsiloxane) surfaces as a function o f plasma 
treatment time using XPS and peak fitting protocols to follow the surface modifications, 
and time-of-flight SIMS. This is then followed by a novel approach using artificial 
neural networks to classify C ls XPS spectra, and a study to determine the degradation 
behaviour o f PDMS under soft X-rays. The section concludes with the results obtained 
from the AFM, surface topography and surface force measurements, and contact angle 
data.
The second major section o f this thesis, Chapter 7, deals with the adhesion study results 
of the project, beginning with the adhesion o f plasma treated PDMS to different 
substrates, including glass, and the effect o f plasma treatment time on the level of  
adhesion achieved. This is then followed by failure analysis studies by XPS o f the 
adhesion test couples and determination o f the hydrodynamic stability o f the system in 
aqueous medium. Finally, the effect of aging on the plasma treated PDMS specimens is 
described.
The final section o f this thesis discusses the role o f plasma treatment in enhancing the 
surface properties o f PDMS and the physico-chemical changes associated with plasma 
treated PDMS, relates the mechanisms of adhesion between the plasma treated PDMS 
and the glass substrate to the empirical observations from the adhesion study, (Chapter 
8 ), and draws concluding remarks from both aspects o f the project and presents possible 
future work (Chapter 9).
5
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Chapter Two
Silicone Chemistry, Plasmas and 
Adhesion
2.1. INTRODUCTION
The present chapter will review the published literature on various themes which are of 
relevance to the work to be presented in this thesis. Prior to any discussion involving 
poly(dimethylsiloxane), some fundamental aspects o f silicone chemistry, first laid down 
by Professor F. S. Kipping back in the 1900s, need to be reviewed. The first section o f  
this chapter will describe the properties of silicones, current processing methods 
employed in industry, and the general nomenclature adopted for naming silicone 
products.
Section 2.3 follows with an introduction to plasma treatment techniques, concentrating 
on the experimental aspects o f how plasmas are generated and their effects on polymer 
surfaces. Extensive work has been carried by several authors on the plasma treatment o f  
poly(dimethylsiloxane) networks over the years. Their work, with particular emphasis 
on hydrophobic recovery mechanisms and the formation o f a SiCVlike layer, will be 
summarised.
A main theme o f the current research is the mechanisms o f adhesion, especially those 
related to polymeric materials. Hence, the last section will briefly outline the main 
theories o f adhesion which are generally considered to be important in adhesion science.
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2.2. SILICONE CHEMISTRY
2.2.1. Introduction
The term ‘silicone’ denotes a synthetic polymer (RnSiO(4-n)/2)m> where n =1-3 and m >  2 . 
A silicone contains a repeating silicon-oxygen backbone and has organic groups R  
attached to a significant proportion o f the silicon atoms by silicon-carbon bonds. The 
basis o f modem silicone chemistry was laid by Professor F. S. Kipping at the University 
College, Nottingham, between the years 1899 and 1944. He called them his 
“uninteresting glues”. In 1904, Kipping introduced the use o f Grignard reagents for the 
preparation of chlorosilanes. In 1931 J. F. Hyde o f the Coming Glass Works was given 
the task of preparing polymers with properties intermediates between organic polymers 
and inorganic glasses. The initial objective was a heat-resistant resin to be used for 
impregnating glass fabric to give a flexible electrical insulating medium. As a result 
silicone resins were produced. In 1943 the Coming Glass Works and the Dow Chemical 
co-operated to form the Dow Coming Corporation, which was to manufacture and 
develop these organo-silicon compounds.
Silicones have an unusual array o f properties. Chief among these are thermal and 
oxidative stability and physical properties little affected by temperature. Other 
important characteristics include a high degree o f chemical inertness, resistance to 
weathering, good dielectric strength, and low surface tension. As the general formula 
implies, the molecular stmcture can vary considerably to include linear, branched, and 
cross-linked structures. These structural forms and the R groups provide many 
combinations o f useful properties that lead to a wide range of commercially important 
applications. Silicones include fluids, resins, and elastomers. Many derived products, 
e.g., emulsions, greases, adhesives, sealants, coatings, and chemical specialties, have 
been developed for a large variety of uses.
The following section contains a simplified description o f silicon chemistry, with the
7 10literature providing a more extensive review with much comprehensive information * .
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2.2.2. Silicone Nomenclature
Polymer nomenclature is inherently complex and difficult to use. A convenient 
shorthand notation is sometimes used to designate the degree o f functionality o f the 
silicon atom by the use o f the letter M, D, T, and Q to represent monofunctional, 
difunctional, trifunctional, and quadrifunctional monomer units, respectively, as 
indicated in Fig. 2.01. The system is sometimes modified by the use o f superscript 
letters designating other substituents, for example, DH = (CH^HSiO and Mph = (CH3 )2  
PhSiO.
c p
CH3— S i - o  
1
c h 3
(CH3)3SiO M Endblock
C p
0  — Si— 0  
1
CH3
(CH3)2S i0 2 D Polymeric
C p  
0  — Si- 0
0
CH3 Si0 3 T Branching
T
0  — Si— 0  
1
0
S i0 4 Q Crosslinking
Figure 2.01. Shorthand M, D, T, Q notation fo r siloxane polymer units.
Polymers consisting of alternating silicon and oxygen atoms are called siloxanes. In a 
manner analogous to the siloxanes, polymers with alternating silicon and nitrogen are 
called silazanes, and silanols have alternating organic alcohols. Proper nomenclature
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follows International Union o f Pure and Applied Chemistry, (IUPAC), rules, but in the 
written or spoken language o f the industry, the MDTQ nomenclature is used to identify, 
with as little ambiguity as possible, the complex siloxanes. For example, it is more 
common to see D4, methyltetramer, or simply tetramer than the proper
structure, (CH3)3 SiOSi(CH3)2 0 Si(C6H5)[OSi(CH3 ) 3 ] 2  is designated MDT’M2, where T’ 
represents in this case, CeHsSiOi.s.
2.2.3. Structure and Properties
Silicone properties can be interpreted in terms o f structural bond concepts. The silicon- 
oxygen chains that constitutes the backbone of these polymers is predominantly 
responsible for their properties. A segment o f methyl-siloxane chain is shown below,
Commonly accepted bond angles are C— Si— C = -112°, Si— O— Si = 143°, and O—  
Si— O = 110°; bond lengths are Si— C = 0.188 nm and Si— O = 0.163 nm9, H. The 
siloxane chain flexes and rotates fairly free about the Si— O axis, especially with small 
substituents, e.g. methyl, on the silicon atom. Rotation is also free about the Si— C axis 
in methylsilicon compounds. As a result o f the freedom of motion, the intermolecular 
distances between methylsiloxane chains are greater than between hydrocarbons, and 
intermolecular forces are smaller. The small rotational barriers contribute to properties 
such as low modulus and low glass transition temperature. The presence o f a high free 
volume compared to hydrocarbons also explains the high solubility and high diffusion 
coefficient o f gas into silicones: silicones have a high permeability to oxygen, nitrogen 
and water vapour, even if  water is not capable o f wetting a silicone surface.
octamethylcyclotetrasiloxane9. In another example of the simplification o f a complex
9
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Differences between silicon and carbon chemistry can be explained by electronegativity 
and orbital bonding effects. The lower electronegativity o f Si (1.8) compared to C (2.5) 
leads to a very polarised Si— O bond, which is highly ionic and with a large bond energy 
of 452 kJ mole'1. The Si— C bond has a bond energy o f 318 kJ mol*1, slightly lower than 
a C— C bond, while the Si— Si bond is weaker at 193 kJ mol'1. These values partially 
explain the stability o f silicones: the Si— O bond is highly resistant to homolytic 
scission, however, it is susceptible to heterolytic scission, i.e. to attack by acids and 
bases.
Compared with conventional organic polymers, many silicones show superior thermal 
properties. Some silicone elastomers, for example, remain flexible at -100°C and retain 
their properties for long periods at 200°C. In the case o f poly(dimethylsiloxane), 
(PDMS), in the absence of impurities, degradation only starts at around 400°C. In case 
of fire, a silicone elastomer insulating an electric cable will decompose to give insulating 
silica rather than electrically conducting carbon as produced by the combustion o f an 
elastomer formulated with hydrocarbon polymer.
Poly(dimethylsiloxane) compounds have a low surface tension (~ 20 mJm'2) and are 
capable o f wetting most surfaces. With the methyl groups oriented to the outer surface, 
this gives very hydrophobic films and a surface with good release properties. Silicones 
have a critical surface tension of wetting (24 mJm') higher than their own surface 
tension: this means that silicones are capable o f wetting themselves; this will promote 
good film formation and good surface covering.
The low intermolecular interactions in silicones have other consequences: (i) glass 
transition temperatures are very low (-127°C for PDMS) compared to polyisobutylene, 
the analogue hydrocarbon, (ii) the presence o f a high free volume compared to 
hydrocarbons explains the high solubility and high diffusion coefficient o f gases in 
silicones, (silicones have a high permeability to oxygen, nitrogen and water vapour). 
Silicones are also resistant to ultraviolet and other radiations, and they weather well 
(paints based on silicone resins have extremely long life).
10
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Higher molecular weight PDMS exhibits minimal biological activity; it is essentially 
chemically inert within the body. For this reason, silicone polymers are successfully 
used in medicine for implants and cosmetic products.
Some silicones are excellent release agents; even the most aggressive organic adhesives 
do not adhere to them. Silicone mould release agents are commonly used for rubber and 
plastic items, and silicone-treated papers are used for self-adhering label backing. On 
the other hand, another type o f silicone polymer is used as a pressure-sensitive adhesive.
In summary, the following is a list o f the various desirable properties o f 
poly(dimethylsiloxane)12, a silicone elastomer.
1. Low surface energy.
2. Hydrophobic.
3. Non-adhering surface.
4. Water insoluble.
5. Low molecular weight (MW) polymer component.
6 . High surface mobility.
7. Low glass transition temperature.
8 . Good dielectric properties.
9. High thermal and oxidative stability.
10. Excellent resistance to weathering.
11. Low reactivity, toxicity and combustibility.
12. Low environmental hazard.
13. Small temperature variation o f physical properties.
14. Flexible to low temperatures.
15. Transparent to UV in normal atmosphere.
In this list, the terms high and low refer to comparison with organic hydrocarbon 
polymers.
11
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2.2.4. Processing of Silicones
2.2.4.1. The Grignard Method
Silica, a material o f mineral origin, is the natural source o f silicon. It is usually reduced 
in an electric furnace process to silicon metal. The industrial preparation o f silicones 
begins with elemental silicon at a purity of 98-99 %, grounded to a fine powder.
electric
Si0 2 + 2C »  Si + 2 CO
Silicon is treated with an organic halide to form organohalosilanes. The first industrial 
method used a Grignard reagent, such as of the type RMgX:
Si + 2 Cl2  ► SiCU
SiCU + 2 RMgX ------------------ ► R2 SiCl2 + 2 MgClX
The use o f such Grignard reagents for the production o f alkyl- and aryl-chlorosilanes 
was pioneered by Kipping in 1904 and has been, for a long time, the favoured laboratory 
method for producing these materials. The reaction is carried out first by reacting the 
alkyl or aryl halide with magnesium shavings in an ether suspension and then treating 
with silicon tetrachloride (prepared by passing chlorine over heated silicon).
This method was operationally difficult and costly. A direct process provided the 
impetus for the commercial manufacture and marketing o f silicones,
Si + 2 RCl — ~ ► R2 SiCl2
where RCl is usually methyl chloride.
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With methyl chloride the following sequence o f reactions occur:
CH3CI + Mg ---------------► CH3MgCl
CH3MgCl + SiCU __________► CH3SiCl3 + MgCl2
CH3MgCl + CH3SiCl3 ---------------► (CH3)2 SiCl2 + MgCl2
CH3MgCl + (CH3)2 SiCl2 ---------------► (CH3)3SiCl + MgCl2
The reaction proceeds in a stepwise manner and the products are recovered from the 
reaction mixture by filtration to remove the magnesium chloride, followed by 
distillation. It is then necessary to fractionally distil the chlorosilanes produced. The 
fractional distillation is a difficult stage in the process because o f the closeness o f the 
boiling points o f the chlorosilanes and some by-products, as indicated in Table 2.01, and 
80-100 theoretical plates are necessary to effect satisfactory separation.
The Grignard method was the first route used commercially in the production o f silicone 
intermediates. The great advantage is its extreme flexibility since a wide range o f  
organic groups may be attached to the silicon in this method. Because o f the need to use 
ether or other inflammable solvents, considerable production hazards arise. On 
economic grounds, the main drawbacks o f the process are the multiplicity o f steps and 
the dependence on silicon tetrachloride, which contains only 16% Si and is thus a rather 
inefficient source o f this element.
Table 2.01. Boiling points o f some chlorosilanes and related compounds.
Compound Boiling Point (°C)
(CH3)2 SiCl2 70.0
CH3 SiCl3 65.7
(CH3)3SiCl 57.0
CH3SiHCl2 41.0
SiCU 57.6
(CH3)4Si 26.0
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Today, silicones are obtained commercially from chlorosilanes prepared following a 
direct process and using silicon metal obtained from the reduction o f quartz at high 
temperature:
S i0 2 + 2 C -------------- ► Si + 2 CO
and methylchloride obtained by condensation of methanol with hydrochloric acid:
CH3OH + HC1 -------------- ► CH3CI + H20
The reaction giving chlorosilanes takes place in a fluidised bed o f silicon metal powder
in which flows a stream of methylchloride, usually at temperatures o f 250-350°C and at
pressures o f 1-5 bars. A mixture o f different silanes is obtained containing mainly the 
dimethyldichlorosilane, (CH3)2 SiCl2.
The reaction, exothermic, proceeds in the presence of a copper-based catalyst and has a 
yield o f 85-90 %. The various silanes are separated by distillation: as the boiling points 
are close together, long distillation columns are always seen at silicone plants. The 
dimethyldichlorosilane, which is separated, becomes the monomer for the preparation, 
by hydrolysis, o f PDMS. Redistribution reactions can be used to convert the other 
silanes and increase the commercial yield o f the production equipment. It is also 
possible to replace the chlorine groups by alcoholysis:
I I
—  SiCl + ROH --------------►— SiOR + HC1
I I
In this way, various silanes with different functionalities can be prepared and these lead 
to a range o f organosilane adhesion promoters that are widely used in industrial 
processes such as composite manufacture and structural adhesive bonding.
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2.2A.2. Hydrolysis Reactions
The first step in the conversion o f chlorosilanes to useful polymer products is hydrolysis. 
The chlorosilanes are hydrolysed to silanols, which condense rapidly to siloxanes:
 SiCl +  H 2 ►  SiOH +  H C
SiOH + H O Si   ►  SiOSi------  + H 2O
SiOH + CISi    ►  SiOSi------ + HC1
When dimethyldichlorosilane is hydrolysed with excess water, the hydrogen chloride 
evolved is partially or completely dissolved in the aqueous phase, and a light colourless 
siloxane oil separates as a second phase. Both linear and cyclic poly(dimethylsiloxane) 
products are formed.
HO[(CH3)2 SiO]mH + HC1
linear
(CH3)2 SiCl2 + H20
[(CH3)2SiO]n + HC1
cyclic
These oligomers are water-washed, neutralized and dried. The HC1 is recycled and 
reacted with methanol to give the methylchloride used in the direct process described 
above.
15
Chapter Two: Silicone Chemistry, Plasmas and Adhesion
2.2.4.3. Polymerisation Reactions
The linear and cyclic oligomers obtained by hydrolysis o f the dimethyldichlorosilane 
have chains too short for most applications. They must be condensed to produce linear 
molecules or polymerised cyclics to give macromolecules of sufficient length.
The ring opening and polymerisation o f cyclic species to form long linear chains is 
catalysed by many acidic or basic compounds and gives at equilibrium a mixture of 
cyclic oligomers plus a distribution o f polymer chain lengths. The proportion o f cyclics 
will depend on the substituents along the chain, the temperature and the presence o f a 
solvent. Polymer chain length will depend on the presence o f end-blocking substances 
of various functionalities capable o f giving chain ends.
Dimethylsilicone fluids and many reactive fluids are made by catalysed equilibration of 
dimethylsilicone stock with a source of chain terminator. With trimethylsiloxy, 
(CH3)3 SIOo.5 , as chain terminator, this reaction produces mixtures o f MDXM and Dn 
polymers. The ratio o f M to D in the charge controls the average molecular weight o f 
the product. Branched polymers can be made by introducing T or Q units.
The silicone polymers are easily transformed onto a three dimensional network and an 
elastomer via a crosslinking reaction, which allows the formation o f chemical bonds 
between adjacent chains. Silicone elastomers consist o f very high molecular weight 
(~0.5 x 106) linear gums crosslinked after fabrication. In order to achieve such polymers 
it is necessary that very pure difunctional monomers be employed since the presence of 
monofunctional material will limit the molecular weight while trifunctional material will 
lead to crosslinking. Cross-linking silicone polymers o f appropriate molecular weight 
provides elastomeric properties. Fillers increase strength through reinforcement, and 
extending fillers and other additives, e.g., antioxidants, adhesion promoters, and 
pigments, provide specific properties.
Many curing (cross-linking) systems have been developed commercially for silicone
7 11elastomers ' . Different silicone elastomers are conveniently distinguished by their cure
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system chemistries and can be categorised by the temperature conditions needed for 
proper cure. Most compositions are based on polydimethylsiloxanes,
CHs
RO— f S i -----o V - R
CHs
where R is determined by the cure system chemistry.
Silicone elastomers can be manufactured by either o f the following two systems, 
condensation crosslinked materials or addition crosslinked polymers, with free radical 
polymerisation also possible at a small scale.
Crosslinking by condensation is used in sealants such as the ones available from do-it- 
yourself shops. These products are ready to use and require no mixing: crosslinking 
starts when the product is squeezed from the cartridge and comes into contact with 
moisture from the atmosphere and/or present at the surfaces o f the substrate.
A typical condensation reaction involves the reaction o f silanol groups to form siloxane 
bonds by liberation o f water.
= SiOH + = SiOH ----- — ------ ► = SiOSi = + H20
Pot life will vary from a few minutes to several hours, depending on the catalyst used 
and the ambient conditions. Typical catalysts include tin octoate and dibutyl tin 
dilaurate. Additional crosslinking commonly involves a process variously known as 
hydrosilation or hydrosililation. In such a process a polymer containing vinyl groups is 
reacted with a reagent containing a number o f hydrosilane (Si -  H) groups, Pt(II) 
compounds being frequently used as catalysts for the reaction.
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S i H + C H 2 = C H Si
Catalyst and 
inhibitor
S i CH2 CH2 Si-
The inhibitor is an organic molecule with the role of slowing down significantly the cure 
rate at low temperatures, with a fast cure rate at high temperatures aided by the catalyst.
Condensation curing is also used in 2-part systems where crosslinking starts upon 
mixing the two components, e.g. a hydroxy endblocked polymer and an alkoxysilane. 
Here, no atmospheric moisture is needed. Although residual moisture present in the 
filler helps the condensation reaction to occur, organotin slag is usually used as catalyst 
but it also limits the stability o f the resulting elastomer at high temperatures. Alcohol is 
released as a by-product o f the cure leading to a slight shrinkage upon cure: this 
precludes the fabrication o f very precise objects (0.5-1.0 % shrinkage).
Crosslinking by addition is achieved using vinyl endblocked polymers and reacting them 
with SiH groups carried by functional oligomers. The addition occurs mainly on the 
terminal carbon and is catalysed by Pt or other organometallic complexes to enhance 
their compatibility with the medium.
The advantages o f addition over condensation reactions are that network control is 
possible by control o f the stoichiometry, control of the network physical properties (such 
as molecular weight o f the resulting elastomer, structure o f the crosslink and 
SiH/SiVinyl ratio), and there are no by-products, resulting in no shape change and 
dimension stability. Handling these 2-part products (polymer and Pt catalyst in one 
component, SiH oligomer in the other) requires some precautions: the Pt in the complex 
is easily bonded to electron-donating substances like amine or organosulphur 
compounds to form stable complexes with these poisons, rendering the catalyst inactive. 
Caution needs also to be taken as the reaction o f SiH intermediate with water may lead 
to highly exothermic process, liberating explosive hydrogen gas.
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Efficient crosslinking with radicals is only achieved when some vinyl groups are present 
on the polymer chains. The radicals can be generated from organic peroxide. The 
reaction is used for high consistency silicone rubbers like the ones used in extrusion or 
injection moulding and which are crosslinked at elevated temperatures: the peroxide is 
added before use. During cure, some precautions are needed to avoid the formation of 
voids by the peroxide’s volatile residues and a post-cure may also be necessary to 
remove these volatiles.
The fundamentals o f silicone chemistry have been reviewed in this section, paying 
particular attention to the MDTQ nomenclature commonly used in the silicone industry, 
and followed in this thesis. The properties of silicones have also been summarised in 
relation to their structure. Finally, the different polymerisation routes that can be taken 
to manufacture silicones have been outline, including the addition reaction followed to 
cure the commercial PDMS used in this study. The subsequent section will now deal 
with plasmas, their generation and effects o f plasma treatment on polymeric surfaces.
2.3. PLASMA SUFACE MODIFICATION
2.3.1. Introduction
Strictly, plasma treatment encompasses any form of surface treatment in which a 
material is exposed to an ionised gas (plasma). This would include flame treatment and 
corona discharge treatment, but ‘plasma treatment’ generally refers to low-pressure 
treatments requiring vacuum equipment. Such processes are also often referred to as 
glow discharge treatment. All three treatments involve generating high-energy species. 
The major virtue o f these techniques is that they involve clean reactions which take only 
seconds to achieve the required results, and they are therefore ideally suited to fast 
production lines. Whilst producing profound changes in the surface chemistry, the 
properties o f the bulk material remain essentially unchanged.
19
Chapter Two: Silicone Chemistry, Plasmas and Adhesion
Aside from plasma treatment as a form of surface modification, there are several other 
techniques available, for example, ‘hot’ plasma treatments, UV treatments, laser
treatments, X-ray and y-ray treatments, electron beam treatments, ion beam treatments,
1 ^metallisation and sputtering. Garbassi et al gives an account o f these techniques along 
with the relevant literature. Advantages o f plasma treatment over these other techniques 
is its low energy consumption, negligible waste and no solvent emissions.
2.3.2. DEFINITION OF A PLASMA
The term plasma was first used in 1929 by Langmuir to describe ionised gases14. A 
plasma can be considered as a partially or fully ionised gaseous state o f matter which 
contains atoms and/or molecules in ground and excited states, ions o f both polarities, 
radicals, electrons and electromagnetic radiation, Fig. 2.02. Typical examples are, for 
example,
xHe ► hv + He + He+ + e
xO2 -------- ^  hv + O2 * + O + C>2+ + 0 + + e
$
where denotes an excited atom (metastables), and e is an electron. The presence o f free 
radicals can contribute to free radical polymerisation o f the polymer surface whilst 
plasma treatment.
All o f these species can be regarded as potential reactants, with this quasi-neutral gas 
comprising charged and neutral particles usually behaving in a collective manner. 
Plasma is normally regarded as being an electrically conducting medium, although there 
is no overall charge imbalance, local perturbations from neutrality can occur.
In low-temperature plasmas, the heavier ions are not very mobile and are generally at 
ambient temperatures as is the system as a whole; hence these types o f low energy 
plasmas are often referred to as ‘cold plasmas’. It is the electrons that carry most o f the 
current, and they are therefore at a much higher temperature than the other species.
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They bombard the atoms, ions and molecules in the gas and the polymer surface. This 
causes ionisation, dissociation, (which creates free radicals, and short-lived excited 
atoms or metastables, which release ultraviolet light energy on returning to their normal 
state).
A • Electrons
© Ions
• Neutrals
f t Free radicals
4 Excited species
r \ ^ Photons
Figure 2.02. Plasma species
2.3.3. Plasm a Generation
Low-pressure plasmas, or glow discharges are usually produced between electrodes 
situated at some distance from each other at reduced pressures (0.1-10 Torr) by the 
application of a high frequency voltage (generally radio to microwave frequency). As 
the voltage between the electrodes is increased, random pulses of electric current are 
observed due to the acceleration of charged ions and free electrons which are always 
present in the reactor due to cosmic radiation. Increasing the voltage further gives the 
free electrons sufficient energy to ionise gas particles on impact, thus an increasing 
number of charged particles exist. Eventually, when the voltage is raised to a certain 
level, the discharge current rapidly increases and the plasma ignites to give a 
characteristic glow. At this stage the voltage has broke down and the current becomes 
independent of the external ionising source, i.e. it is self-sustained.
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There are several variables in the generation of a plasma. These include the positioning 
of the specimen with respect to the glow-discharge, the type o f gas used, the gas flow 
rate, the pressure o f the working reactor, the power levels selected, the reactor 
frequency, the treatment time, the presence o f additives in the material, and so forth. 
The following table, Table 2.02, outlines some o f these variables and their effect.
In plasma treatment processes, power is coupled into the discharge either capacitively or 
inductively; in the former the electrodes are usually inside the vacuum system with the 
sample resting on one o f them, while in the latter the electrode takes the form of a coil 
that is external to the system. The AC power is either in the radio frequency, RF, band 
(almost always at the fixed frequency o f 13.56 MHz) or in the microwave band 
(frequencies in GHz). Electron temperature is dependent on the excitation frequency, 
with the temperature increasing with frequency. For example, values o f 5 x 104  K are 
reported at frequencies o f 13.56 MHz and 12 x 104  K at 2.45 GHz. Similarly, ion 
density increases with frequency. High frequency plasmas provide high plasma 
densities and high reaction rates, and low frequency plasmas provide high ion kinetic 
energies, enabling high etching rates.
Table 2.02. Influence o f plasma process parameters15.
Parameter Effect
Gas / Gas mixture 
Flow 
Pressure 
Power / Frequency
Chemistry
Residence time o f active species in chamber 
Residence time, collision rate, density o f active species 
Physical effects, density o f charged particles
The mean free path, the distance traveled by particles between collisions, is inversely 
proportional to the working pressure. Low pressures (<ca. 1 Torr) provide the highest 
electron temperatures, most reactive and efficient plasmas, Fig 2.03.
Large mean free paths mean that electrons have higher kinetic energies. Each collision 
produces more active species, and such species exist longer before quenching.
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Figure 2.03. Temperature o f plasma species15.
Non-polymerisable gases, such as argon, nitrogen, oxygen and carbon dioxide, allow the 
modification of existing surfaces without affecting the bulk properties of the material 
(strength, stiffness, chemical properties). Applications include the critical cleaning of 
metals and polymers, and the functionalisation of polymeric surfaces for improved 
wettability, adhesion and reactivity. Other applications, such as surface passivation, 
creation of gas barriers, solvent resistant and hydrophobic coatings, can be made with 
polymerisable gases, whereby the surface is activated by the plasma, and the monomer 
chemisorbs onto the surface. Further fragmentation and crosslinking of the adsorbed 
species creates a plasma polymerised film.
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2.3.4. Plasma Treatment of Polymer Films
2.3.4.1. The Effect of Low-Pressure Plasma Treatment
The use o f plasmas as surface pre-treatment is particularly useful for thin films as only 
the very top few monolayers o f the material are affected, the bulk o f the material 
remaining unchanged. Low-pressure glow-discharge treatments o f polymers have many 
advantages over other typical treatments including corona treatment. This type of 
plasma is more efficient, clean, and environmentally friendly, as any hazardous by­
products can be readily collected from the pump exhaust and neutralised. In addition, 
because they are generated in a vacuum chamber, they are more easily controlled so that 
conditions can be tailored to suit the requirements o f each individual polymer. 
However, the down side is that it is a batch process, or at best, semi-continuous process.
The general effects o f a non-polymerising gas-plasma on the surface o f a material are16,
17,18
(i) Cleaning -  plasma treatment may result in the removal o f low molecular weight 
material such as oil or release agents from the surface o f the material.
(ii) Chain scission and ablation -  the plasma may cause the breakdown o f chains of 
low molecular weight in the surface layer o f the material. Small molecule 
degradation will be evaporated while large scission products remain on the surface 
and can be washed off with solvent. Roughening o f the surface may occur if  
certain areas are ablated faster than others, e.g. amorphous and crystalline layers 
may be etched at different rates. Ablation is distinguished from cleaning only by 
the amount o f material that is removed.
(iii) Chain mobility -  the movement o f chain segments at the surface o f some polymers 
can lead to dynamic behaviour during or following plasma treatment. This may 
result in migration of polymer chains into the subsurface and desorption.
(iv) Crosslinking -  reactive and noble gas plasmas have been shown to be capable of 
inducing crosslinking down to depths o f 3 pm as a result o f direct radiative 
transfer mechanisms. The crosslinked layer can limit polymer chain mobility and
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thereby provide stability to the overlying treated layer; this may improve adhesion 
due to the strengthening of low molecular material layers, improve its heat 
resistance, frictional behaviour, cohesive strength and form a diffusion barrier 
layer. Crosslinking usually occurs simultaneously with chain scission.
(v) Functionalisation -  the use o f oxidising gases such as oxygen, nitrogen or simply 
air, may result in the free radicals in the gas atoms and molecules reacting and 
bonding with free radical sites created on the polymer surface. The introduction of 
such polar groups is believed to improve wettability and hence adhesion.
It is currently unclear as to which o f the above mechanisms makes the largest 
contribution to the improved adhesion o f polymers, the effects o f each are likely to vary 
with time, and intensity of treatment. However, it is widely believed that it is the 
chemical modification of the surface such as the introduction o f polar molecules which 
generally has the greatest effect.
Non-equilibrium plasmas provide low-temperature processing environments under 
which thermodynamically unfavoured reactions are able to proceed. Such cold plasmas 
have found application in low-temperature materials processing -  amorphous silicon 
deposition, plasma polymerisation, etching, polymer surface modification, etc.
2.3.4.2. Nature of Feed Gas
The chemical nature o f the feed gas employed during plasma treatment can have a strong 
influence upon the surface modification o f polymers14:
(i) Noble gases -  Noble gas plasma treatment o f polymer surfaces creates free-radical 
centres which subsequently participate in hydrogen abstraction, crosslinking, or 
reaction with foreign molecules. Modeling studies have shown that comparable 
levels o f surface modification can be achieved using low-energy noble gas ion 
beams, consistent with there being an absence o f any chemical interactions 
between the glow discharge and the surface. Topographical changes also occur 
during noble gas plasma treatment. Inert gas plasma treatment can also be used to
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lower the frictional resistance o f a polymer substrate and can also improve the 
electrical conductivity of a polymer surface. CASING (Crosslinking via Activated 
Species o f INert Gases) was one of the earliest recognised plasma treatment effects 
on polymer surfaces. As suggested by the acronym, CASING occurs in polymer 
surfaces exposed to noble gas plasmas, which are effective at creating free radicals 
but do not add new chemical functionalities from the gas phase.
(ii) Nitrogen -  Nitrogen plasma treatment o f polymers introduces mainly primary 
amine groups at the surface along with crosslinking. However, the rate o f surface 
reactions was found to be slower compared to corresponding oxygen plasma 
treatments.
(iii) Hydrogen -  Hydrogen plasma reduction o f polytetrafluoroethylene (PTFE) 
surfaces results in the formation of a layer o f defluorinated material 2  nm thick; 
this is accompanied by a corresponding drop in its contact angle with water, 
thereby making the substrate more suitable for bonding. Similarly, other types o f 
polymer surfaces are also able to undergo hydrogen plasma reduction.
(iv) Ammonia -  Ammonia plasma treatment results in the incorporation o f amino 
groups at polymer surfaces. These functionalities can give rise to an improvement 
in adhesion and blood compatibility.
(v) Oxygen Plasmas -  Oxygen plasma treatment o f polymer surfaces comprises 
degradation o f the substrate and reaction with ions, atoms, ozone, metastables of  
atomic and molecular oxygen, electrons, and a broad electromagnetic spectrum. 
The activation energy for the reaction o f atomic oxygen with a polymer substrate 
is significantly lower than the activation energy required for the diffusion o f  
molecular oxygen into the bulk polymer, therefore treatments tend to be localised 
at the surface. All unstabilised polymers degrade upon exposure to an O2 plasma, 
but the rates o f oxidation are dependent upon their structure. Functional groups 
which readily react with oxygen without causing extensive chain scission, such as 
phenyl rings, help to generate a more oxidised surface, while structural units which 
are highly susceptible to cleavage will encourage ablation, depolymerisation and 
the unveiling of fresh polymer. This leads to a whole range o f chemical 
functionalities being generated at a polymer surface during oxygen plasma 
treatment (oxidised groups, crosslinked centres, unsaturated bonds, etcetera). 
Most polymers tend to experience an increase in oxygen content at the surface 
during oxygen plasma treatment; two notable exceptions are PTFE, for which
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there is no change (although there is significant surface roughening), and 
polymethyl methacrylate (PMMA), which suffers a loss in surface oxygen content. 
The plasma operating conditions can also influence the surface chemistry: for 
instance, oxygen incorporation is greater a low powers in the case o f polyethylene. 
High power densities, long treatment times, and heating above the polymer glass 
transition temperature all lead to extensive roughening o f the polymer substrate as 
a result o f etching.
When a polymer is treated with oxygen plasma, polar functional groups containing 
oxygen are introduced into its surface, leading to a hydrophilic surface. It is well 
known, however, that the surface characteristics o f the polymer gradually change 
during aging. Previous authors19 have reported that the surface o f the plasma 
treated polymer becomes hydrophobic with the elapsed time. They interpreted this 
fact as the result o f the orientation and the migration o f the polar functional groups 
introduced in to the surface. Most oxygen plasma treated surfaces are found to 
undergo ageing effects, leading to hydrophobic recovery combined with a decrease 
in bondability. Any oxidised material of low molecular weight present on plasma 
treated polymer surfaces may be washed off with a solvent. Such low molecular 
weight oxidised material can be formed via the attachment o f atomic oxygen to 
free radical sites, followed by chain scission.
R
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Extended ageing o f oxygen plasma modified polyethylene results in almost a 
complete loss o f oxygenated functionalities from the surface to leave behind a 
highly crosslinked layer.
(vi) Air -  Air and oxygen plasma treated polymer surfaces generally tend to have 
similar chemical compositions but different levels o f cross-linking; this is to be 
expected on the basis o f each plasma emitting its own unique radiative VUV
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(vacuum ultraviolet) component. Air plasmas are found to take longer than 
oxygen plasmas to achieve the same level o f surface modification.
(vii) Water -  Water plasma treatment is normally found to produce higher levels o f 
oxygenation than corresponding oxygen plasma treatments.
(viii) Carbon dioxide -  CO2 plasma treatment also leads to a greater level o f oxygen 
incorporation than oxygen plasma treatment. The difference in molecular structure 
between O2 and CO2 feed gases is reflected in a much higher concentration of 
carbonate groups being generated at the surface o f the latter.
Plasma oxidation can be used to remove contaminants present on a polymer surface. It 
can also lead to oxygen incorporation (various groups can be formed, including alcohols, 
ethers, esters and acids), which in turn gives rises to improved bondability o f the 
substrate or a change in its dielectric performance. Care needs to be exercised, since an 
over-treatment o f the polymer substrate can produce a weak boundary layer as a result o f  
extensive chain scission.
As mentioned above, the metastables particles can decompose into free radicals, ions 
and photons. Similarly, active oxygen fragments can react with oxygen molecules and 
producing ozone, which then react with polar molecules such as water. This energetic 
particles attack the polymeric substrate, especially the C-C and C-H on the surface. 
Long-life radicals are created and can react with nitrogen and oxygen in the air, and thus 
introducing polar groups on the polymeric surface.
2.3.5. Plasma Treatment of Poly(dimethylsiloxane) Films
2.3.5.1. Hydrophobic Recovery
The use o f plasmas with different excitation frequencies, either microwave or radio 
frequency plasmas, and different gases and conditions employed produce different 
results on a given specimen. Furthermore, there is no consensus even when the same 
gas plasma is used. It is known that the treatment-induced surfaces are partially 
reversible with time (hydrophobic recovery) and this is particularly important from an 
application point o f view. It was shown that hydrophobic recovery depends on the
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polymer and on the level and type o f treatment. This is accelerated by chain scission 
and slowed by crosslinking within the surface layer. In the absence o f low molecular 
weight species and at low temperatures it occurs typically by reorganisation within the 
surface modified layer. Thus ageing itself can be considered a step o f the treatment, in 
the sense that it influences the outcome as determined by properties imparted by the 
polymer surface. The possible mechanisms for hydrophobic recovery appear to be20:
a) reorientation o f surface hydrophilic groups away from the surface (also 
called ‘overturn’ or ‘flip-back’ o f polar groups in the polymer surface);
b) migration o f treated polymer chains from the surface to the bulk;
c) migration of untreated polymer chains from the bulk to the surface;
d) loss o f volatile oxygen-rich or other polar entities to the atmosphere;
e) surface silanol condensation preventing chain reorientation;
f) changes in surface roughness; and
g) external contamination o f the polymer surface.
Owen and Smith20 reported that the effects of RF treatments o f PDMS elastomer were 
broadly similar for argon, helium, oxygen, and nitrogen. All treatments yielded a thin, 
brittle, silica-like layer on the surface, as concluded from XPS and electron microscopy 
(also shown by Fakes et al2X). They suggested that hydrophobic recovery originated 
from the migration o f untreated polymer chains from the bulk to the surface through 
cracks in the silica-like layer.
Of the mechanisms for hydrophobic recovery listed above, the last two can be eliminated 
from consideration. The consistency of Owen and Smith’s data suggested that random 
contamination has been adequately controlled and, apart from the cracking phenomenon, 
no changes in overall surface roughness were evident. Mechanisms (a), overturn or flip- 
back, required a polymer chain, or parts o f a chain, that can freely rotate. Similarly, the 
migration mechanisms, (b) and (c), are possible only for mobile polymer chains. 
Untreated PDMS chains certainly meet this requirement. Loss o f volatile oxygen-rich or 
other polar species, mechanism (d), is most likely for carbon-containing functional 
groups or for water, the by-products o f mechanism (e). This surface silanol 
condensation will only occur when two silanol groups are sufficiently close for reaction, 
which may also require a certain degree o f polymer mobility.
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Plasma treatment is evidently a progressive oxidation o f the surface. At mild oxidation, 
where only a few o f the polymer side groups have been oxidised and the polymer 
backbone is still intact with no crosslinking taken place, the matrix chains would be 
mobile and any o f the mechanisms (a) through (e) would apply. The more usually 
encountered situation is a more complete oxidation o f PDMS to silica. This layer would 
be wettable and brittle but it would not be mobile. Therefore, only mechanism (c) and to 
a certain extent mechanism (e), silanol condensation and the reverse hydration reaction 
of this equilibrium, are possible. Neither of these reactions would make silica surface 
hydrophobic, whereas it is commonly observed that virtually total recovery o f  
hydrophobicity is possible if  sufficient time is allowed or the sample is heated or boiled 
in water.
2.3.5.2. Silica-like Layer Formation
It is well known, and supported by Owen and Smith, that the topmost surface o f PDMS, 
which receives the highest plasma exposure, oxidises to a silica-like state. If this 
cracked, as it frequently did, these cracks would provide a locus for surface-tension- 
driven migration of free PDMS chains from the bulk to the surface, mechanism (c), to 
cover the polar silica-like surface, Fig. 2.04.
PDMS
OH OH OH OH
Oxygen
Plasma
PDMS
Si0 2 -like
Figure 2.04. PDMS oxidation in an oxygen plasma to generate a silica surface
The main effects o f plasma treatment on PDMS can be summarised as follows: (1) the 
formation o f a glassy SiCb-like, thin and brittle surface layer; (2) the increase in oxygen 
content in the surface by the formation of SiCVlike, hydroxyl and carbonyl groups; (3)
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degradation o f the network structure resulting in the formation o f mainly low molar 
mass cyclic and medium to high molar mass linear PDMS. It is also suggested that 
Si-CH2 » radicals are formed when methyl groups are attacked by hydroxyl radicals. In 
the presence o f oxygen, the first reactions yield peroxides and hydroperoxides. These 
species react further to silyl ketones, which are unstable compounds and they decompose 
readily into scission products such as carboxylic acids and silanol groups. Silanol 
condensation reaction lead to the formation o f Si-O-Si crosslinks.
2.3.5.3. Migration of Low Molecular Mass PDMS
Most researchers, among them, Hillborg and Gedde22,23, believe that migration o f low 
molar mass PDMS from the bulk to the surface is the dominant mechanism for 
hydrophobic recovery. Low molar mass PDMS is believed to migrate from the bulk to 
the surface leading to the recovery o f hydrophobicity. A very important question is 
whether only a limited source o f low molar mass PDMS exists in the PDMS bulk or 
whether low molar mass PDMS is continuously generated by scission o f the polymer 
network. Another very important question, not only relevant for PDMS but also for 
most other polymers, is whether chain scission or crosslinking is the dominant 
mechanism. A general statement can be made about the degradation o f PDMS. 
Oxygen-free ageing causes mainly chain scission whereas ageing in oxygen-containing 
media results in both crosslinking and chain scission.
Everaert et al24, in their study o f ‘Hydrophobic recovery o f repeatedly plasma-treated 
silicone rubber’, also came to the same conclusion regarding the hypothesis that 
hydrophobic recovery is due to the migration o f untreated chains from the bulk to the 
surface, rather than the overturn of flip-back theory. Van der Mei et al25, put forward 
the hypothesis that a thick treated layer might inhibit the migration o f hydrophobic 
groups towards the surface, and reported that repeated oxygen plasma treatment of  
polyethylene, with a 7-day interval in between, was more effective in creating a 
permanently hydrophilic surface than employing a higher RF power or a longer duration 
of the treatment.
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Lee and Homan were probably the first to suggest migration o f low molar mass species 
from the bulk to the surface as the dominant mechanism for hydrophobic recovery. 
They proposed that a recovered sample had a thin film o f liquid silicone as the very top 
layer above a layer o f silica-like material; according to them the latter may have been 
cracked to permit transport o f low molar mass species. Plasma treated PDMS initially 
showed a SiCVlike layer just after the cessation o f the treatment. Further resting led to 
the formation o f a top layer o f mildly oxidised silica-like layer. They proposed that the 
top layer was rich in low molecular mass species that had migrated from the bulk to the 
surface o f the specimen. Angle dependent XPS measurements estimated the thickness 
of the liquid-like top layer to be <3 nm thick. Gas chromatography revealed that the 
migrating substances were rich in cyclic small molecules, ranging from 4 to 23 repeat 
units. The cyclic species were evidently formed in the plasma and some cyclic species 
may have existed prior to the plasma exposure. Removal o f low molar mass, extractable 
species prior to the treatment slowed down the hydrophobicity recovery rate.
Hydrophobic recovery has also been extensively studied by Hillborg and Gedde, and 
they have discussed the likelihood of the proposed mechanisms by Owen and Smith. 
The large segmental flexibility o f unoxidised and lightly oxidised PDMS enables fast 
reorientation o f polar groups. The driving force for this hydrophobic recovery is the 
thermodynamic requirement o f minimising the surface or interfacial tension o f a solid. 
Extensively oxidised PDMS with a glassy Si0 2  surface layer shows very little hysteresis 
effect, i.e. only a small difference between advancing and receding contact angle. The 
polar groups have, in this structure, very little possibility to reorient due to their glassy 
environment. Reorientation of surface segments is a local process and is not believed to 
explain the full recovery of hydrophobicity o f oxidised PDMS. It has been shown in 
laboratory experiments that external contamination o f the surface is not responsible for 
hydrophobicity recovery. Owen and Smith proposed that silanol groups present in the 
surface reacted via a condensation mechanism under the liberation o f water. Silanol 
groups are formed during water exposure and plasma treatment. Loss o f volatile species 
may be a factor in high-vacuum conditions, but not under atmospheric pressure. 
Migration of low molar mass species (cyclic and linear molecules) in undoubtedly the 
process that most researchers in the field believe is the dominant mechanism for 
hydrophobicity recovery.
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2.3.5.4. Cracking of the SiC>2-like Layer
Owen and coworkers ’ used SEM to determine the depth o f the cracks in specimens 
exposed to plasma treatment. The depth o f the cracks was typically 0.3-0.5 pm. The 
depth o f the silica-like layer was assessed by XPS to ~ 10 nm, and the conclusion drawn 
by the authors was that the cracks clearly penetrated into the unoxidised material. 
Hillborg and Gedde used neutron reflectometry to assess the thickness o f the silica-like 
layer in radio frequency oxygen plasma treated PDMS sample. The profile of the 
scattering length density as a function o f layer depth indicated an oxidised layer 
thickness, which was in the order o f 130-160 nm. There are two possible interpretations:
(a) the PDMS layer could have been uniformly ‘transformed’ over its full thickness, or
(b) alternatively the sample could consist o f an oxidised top layer with a rough interface 
with unoxidised PDMS. However, it should be realised that both the materials and the 
exposures were different in the two cases. Secondly, the experimental techniques 
certainly assess the structure differently.
The recovery rate was always faster in cracked specimens than in specimens lacking 
surface cracks. It is interesting to speculate about the reason for cracking o f the silica­
like layer. Deformation of a specimen above a very low strain (<1% strain) seems to be 
enough to cause fracture of the presumably very brittle glass-like layer. The density of 
the Si0 2 -like should be considerably larger than the density o f the unoxidised bulk 
material. The glassy top layer should thus be subjected to substantial tensile stresses 
parallel to the film plane and cracking may well occur spontaneously without the 
application o f external stresses.
Fig. 2.05 shows, schematically, the proposed mechanism involved in the hydrophobicity 
recovery o f oxidised PDMS, following on the work o f Hillborg and Gedde . The 
important step is the migration o f low molar mass, mainly cyclic, species ultimately 
forming a continuous and fully covering liquid layer on top o f the silica-like layer. The 
Si0 2 -like layer is formed by oxidation, thus oxygen needs to be present in either the 
surrounding atmosphere or dissolved in the polymer. Low molar mass cyclic molecules 
are formed by a thermally induced backbiting mechanism not requiring the participation 
of oxygen. Hydrolysis occurs when water is present and yields linear molecules o f
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varying molar mass ranging from very low to the molar mass o f the chain segments 
between two adjacent crosslinks.
Si0 2 -like
a)
° 1 [ c M q ; PDMS
Figure 2.05. Possible hydrophobic recovery mechanism o f  oxidised PDMS.
(a) Hydrophilic surface formed during exposure by surface oxidation (Si02-like). This 
layer retards migration o f low molar mass molecules, (b) Cracking o f the surface layer 
(due to internal stresses or mechanical deformation) promotes transport o f low molar 
mass molecules to the surface, covering the oxidised layer22.
The silica-like layer retards the migration of low molar mass species to the surface. The 
formation o f a surface layer rich in Si0 2  involves a significant reduction in specific 
volume. This volume change leads to a build-up of tensile stresses in the film plane and 
the formation o f surface cracks. Cracking of the oxidised layer may occur 
spontaneously provided that the conversion o f the organic material to Si0 2  is sufficient. 
Tiny cracks promote the transport o f the small molecules by pore diffusion. The exact 
structure and morphology of the silica-like layer is unknown.
The activation energy for the transport o f low molar mass PDMS from the bulk to the 
surface should be very similar to the activation energy for the diffusivity o f low molar 
mass PDMS species from the bulk to the surface, since the heat o f mixing o f low molar 
mass PDMS and PDMS elastomer is negligible. This is an indication that the 
hydrophobic recovery, if  it is controlled by diffusivity, is not a bulk process and that the 
properties of the oxidised surface o f exposed samples are different from those o f the
99bulk. The hydrophobicity recovery rate shows an Arrhenius temperature dependence 
with an activation energy that was two to four times greater than the activation energy o f  
the diffusivity of low molar mass PDMS in PDMS elastomers.
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The understanding o f plasmas, their generation and their effect on surfaces is essential to 
elucidate the changes taking place on the poly(dimethylsiloxane) films in relation to 
their enhanced adhesion properties. Hydrophobic recovery mechanisms o f plasma 
treated PDMS, as proposed by researchers in the field, have also been reviewed. The 
main mechanism of adhesion, relevant to the polymeric systems employed here, will 
now be described below.
2.4. ADHESION MECHANISMS
2.4.1. Practical Aspects of Adhesion Theory
The Oxford English Dictionary (1989) defines adhesion as “the action o f sticking (to 
anything) by physical attraction, viscosity o f surface or firm gripping.” This definition 
is a very general one, which can be taken further by the McGraw-Hill Dictionary o f
Scientific and Technical Terms (1993), “.......... The tendency, due to intermolecular
forces, for matter to cling to other matter.” Finally, adhesion can also be defined as the 
“Intermolecular forces which hold matter together, particularly closely contiguous 
surfaces or neighbouring media, e.g. liquid in contact with a solid” from the Larousse 
Dictionary o f Science and Technology (1995). From a practical point o f view, the First 
Law of Adhesion, proposed by Kendall, states that “All atoms adhere with considerable 
force”. This brings us to the so-called ‘adhesion paradox’, pondered upon by Isaac 
Newton and Kevin Kendall4, amongst others. Sometimes things stick together with 
remarkable strength, for example, a jumbo jet hangs together in mid-air despite the fact 
that it is made of 2 million separate parts. At other times, things fall apart very easily, 
for example, the drug particles in an asthmatic’s inhaler flow readily into the mouth and 
lungs to prevent dangerous attacks. How is it that things sometimes stick very well and 
at other times hardly at all?
In order for two surfaces to adhere to each other certain interactions must take place. 
These interactions will depend upon the nature o f the surfaces (chemistry, topography, 
roughness, and so forth.). However, before any o f these interactions can occur, the first
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requirement is that the surfaces are brought into very close contact with each other, 
adhesion at a molecular level.
Because o f the variable and unpredictable nature o f adhesion, it has been a common 
practice through the centuries to adopt a safe approach and design structures with the 
worst possible scenario in mind. In other words, engineers have traditionally adopted a 
theory o f zero adhesion. This was certainly true o f medieval bridge and cathedrali
builders who desired that only compression forces existed in their constructions, 
ensuring there were no tensions at the mortar joints to open up cracks. Similarly, the 
dentist does not rely on chemical adhesion when he fills a tooth, but prefers to undercut 
the cavity, so that the filling is held by mechanical interlocking o f the dental amalgam. 
This mechanical interlocking is one o f the four mechanisms usually used to describe 
why two surfaces adhere5. The other mechanisms are: the electronic theory, the 
diffusion theory and the adsorption theory.
2.4.2. Mechanical Interlocking
Mechanical interlocking involves the interlocking or ‘hooking’ o f the adhesive in pores 
or irregularities in the substrate. This simple idea contributes to adhesive bonds with 
porous materials such as wood and textiles. For this to occur, the substrate needs to have 
dovetail shaped pits in its surface, with the adherend having suitable viscosity to 
penetrate/fill these. Mechanical fasteners such as Velcro™ are sometimes included in 
the mechanical interlocking category, but should be regard as fastening rather than 
adhesion. Although mechanical and chemical roughening of surfaces often leads to 
increased adhesion, these processes do not usually create the undercut hole shape 
necessary for mechanical interlocking to occur. These treatments must then show 
improvements in adhesion for other reasons such as surface cleaning and increased 
surface area for formation of chemical bonds. Examples o f mechanical interlocking are 
the above mentioned undercut cavity made by the dentist in order to fill a tooth with 
amalgam, the dovetail joint used in cabinet making and the iron-on patches for clothing. 
The patches contain a hot melt adhesive that, when molten, invades the textile material.
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2.4.3. Electronic Theory
The electronic theory is mainly due to Deryaguin6, who suggested that when two 
substrates are brought together there is a transfer o f electrons from one surface to the 
other. This forms an electrical double layers at the interface which gives a force of 
attraction. In his experiments, Deryaguin discovered the existence of discharge 
phenomenon o f which the most well known is the appearance o f sparks jumping across 
the gap when a flexible adhesive tape is rapidly removed from a substrate. Deryaguin 
regarded these electrical effects as the basis for good adhesion, while critics argue that 
they are more likely to be as a consequence of high recorded strengths. In other words, 
opponents of the theory believe that electrical discharge is a result rather than a cause of 
good adhesion. Manufacturers do make use o f these electrostatic attractions in 
photocopying technology, but they also need to melt the particles in contact with the 
paper, electrostatic forces alone are inadequate. As polymers are insulators, it seems 
difficult to apply this theory to adhesives. There has only been good evidence for this 
theory in very specific systems such as zirconium-coated gold spheres on cadmium 
sulphate single crystal substrates.
2.4.4. Diffusion Theory
The diffusion theory takes the view that polymers in contact may interdiffuse, so that the 
initial boundary is eventually removed. Such interdiffusion will occur only if  the 
polymer chains are mobile (i.e. the temperature must be above the glass transition 
temperature) and compatible. Large-scale diffusion o f entire macromolecules as in the 
adhesion o f elastomers to themselves (autoadhesion) at elevated temperatures and 
pressures is unlikely, especially in unlike polymers. This would require the polymer 
chain to be fairly mobile, i.e. amorphous rather than crystalline, and very similar in 
terms of chemical structure which would improve their mutual solubility. As most 
polymers, including those with very similar chemical structures such as polyethylene 
and polypropylene are incompatible, the theory is generally only applicable in bonding
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similar rubbery polymers. Another example is the heat sealing o f low density 
polyethylene bags.
Local segmental diffusion is more likely to occur to form a very thin interfacial region 
and is favoured thermodynamically, since it would provide a reduction in surface free 
energy. Whether or not such a small-scale diffusion is sufficient to cause any significant 
chain entanglement which would improve the adhesion is uncertain.
2.4.5. Adsorption Theory
The adsorption theory assumes that the bond formed between two surfaces is due to 
intermolecular forces between the two polymeric materials which cause the formation of 
primary of secondary bonds across the interface. The strongest are primary bonds; ionic, 
covalent or metallic, in which electrons are actually shared or transferred between atoms. 
Ionic bonds have energies of 600-1100 kJ mol"1, covalent 60-700 kJ mol' 1 and metallic 
110-350 kJ mol*1. The most common type o f secondary bonds is due to van der Waals 
forcers. These are the attractive forces which provide links between the molecules in 
polyethylene, keeping it solid at room temperature. The energies o f such bonds vary 
from 0.08 to 40 kJmol'1. Hydrogen bonds are another common example o f secondary 
bonds and have energies o f 10 to 40 kJmol'1.
2.4.6. Acid-Base Interactions
According to Fowkes28, as well as Bolger and Michaels29, the interaction between 
surfaces can be thought o f consisting o f two major components: dispersion forces and 
acid-base interactions. The first significant approach to the theory o f acid-base 
interaction was due to Bronsted, who defined an acid as a proton donor and a base as a 
proton acceptor. In the Lewis concept of acid and base, acid is an acceptor o f a lone pair 
of electrons and a base is a donor of a lone pair o f electrons. In the Bronsted type o f  
acid-base interaction, protons play the key role. In the Lewis concept, protons need not 
be present and this is therefore more general than Bronsted’s definition. Acid-base
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interactions articles are widely available in the literature, such as Chaudhury30, Kinloch5, 
Jensen and Mittal and Anderson .
It has been argued, particularly by Fowkes and co-workers, that the formation of acid- 
base interactions between the adhesive and substrate may represent a major type of 
intrinsic adhesion force that operates across the interface, including mechanical 
properties o f polymer composites, polymer solubility, and the swelling o f polymers by 
solvents. This classification includes hydrogen bonds which are considered to be a 
subset o f acid-base interactions. The acid may be an electron acceptor, in the Lewis 
sense, or a proton donor in the Bronsted sense. The base may be an electron donor, in 
the Lewis sense, or a proton acceptor, in the Bronsted sense. The Lewis definition is far 
more wide-ranging and is the one that is generally favoured when considering acid-base 
or donor-acceptor o f relevance to adhesion. Materials may have one o f three types o f  
acid-base capability:
(a) As an electron acceptor (or proton donors), i.e. acids. For example, this includes 
partially halogenated molecules, including polymers such as poly(vinyl chloride), 
chlorinated polyethylenes or polypropylene, poly (vinylidene fluoride) and 
ethylene-acrylic acid co-polymers, and other surfaces such as silica, Fe2 0 3  and 
F e 3 C > 4 .
(b) Act as electron donors (or proton acceptors), i.e. bases. For example, this 
includes esters, ketones, ethers or aromatics, and polymers such as poly(methyl 
methacrylate), polystyrene, ethylene-vinyl acetate co-polymers, polycarbonate, 
polyimides and other surfaces such as calcium carbonate, amorphous AI2O3, 
hydrous Fe2 C>3 and amorphous hydroxides o f iron oxide.
(c) Act both as electron acceptors (or proton donors) and electron donors (or proton 
acceptors). For example, molecules such as amides, amines and alcohols which 
includes polymer such as polyamides and poly(vinyl alcohol), and other surfaces 
such as (X-AI2 O3 , AlOOH (boehmite) and Al(OH)3  (bayerite).
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The qualitative and/or quantitative determination o f acid-base properties for polymers 
and other materials is an important step towards the understanding and the prediction of 
their interfacial interactions, i.e. adhesion. It has been shown36 that acidic polymers such 
as chlorinated polyvinylchloride (CPVC) adhere very strongly to basic glass surfaces, 
but basic polymers such as poly(methyl methacrylate) (PMMA) do not. However, on 
acid-treated glass, PMMA adheres very strongly and CP VC does not.
There are several techniques available to assess material acid-base properties, including 
contact angle, microcalorimetry, inverse gas chromatography and FTIR. However, XPS 
can also be used to quantitatively evaluate the acid-base properties o f polymers34. The 
potential advantage o f the XPS method lies in the determination o f the acid-base 
properties o f complex systems such as fully formulated adhesives or organic coatings in 
their planar form. In such systems surface (and interface) segregation o f particular 
species or functional groups may occur. The provision o f a surface specific 
measurement of acid-base properties is desirable, if  not essential, can be established with 
the use of a predictive protocol using XPS.
2.4.7. Summary
Adhesion mechanisms have been summarised in the above sections and have in common 
that as a first requirement, surfaces are brought into intimate contact with each other. In 
this project, the adsorption theory and acid-base interactions are the most relevant in the 
adhesion mechanisms o f plasma treated PDMS hemispheres to plasma treated glass 
slides, as results from durability tests in aqueous solutions and XPS failure analysis data 
will show in Chapter 7.
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2.5. CONCLUDING REMARKS
The current chapter has reviewed the chemistry o f silicones, structure, property and 
manufacture to the end product o f poly(dimethylsiloxane), the polymer used in this 
study. Additionally, plasma treatment methods have been reviewed in detail, including 
the effects o f plasma treatment on polymeric and PDMS surfaces. Finally, the theories 
of adhesion generally considered in adhesion science have been briefly outlined, with 
the adsorption theory and acid-base interactions the relevant ones for this project.
The following chapter, Chapter 3, will describe the surface analytical experimental 
techniques that have been employed to characterise the plasma treated 
poly(dimethylsiloxane) surfaces, with the experimental details listed in section 4.4. The 
results from these techniques will be presented and discussed in Chapter 6  in relevance 
to adhesion science.
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Chapter Three
Characterisation of Plasma Treated 
Surfaces
3.1. INTRODUCTION TO EXPERIMENTAL TECHNIQUES
In order to understand properly the changes induced on the plasma treated surfaces and 
the reasons for, say enhanced surface properties, the chemistry and topography o f the 
surfaces should be investigated. However, due to the fact that plasma treatments modify 
only a very thin surface layer, ‘observation’ o f these changes is not easy. Various 
techniques have been utilised in this study to probe the plasma treated surfaces. The key 
surface analytical techniques used during the course o f this work were X-ray 
photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). These two techniques complement each other, with both offering surface 
specific analytical information. Since the commercial availability o f XPS in 1970, the 
technique has been widely adopted in many areas, particularly in the field o f adhesion. 
Using XPS, the outer 5-10 nm of the surface o f a material can be investigated to give 
information about the chemical groups present at and near the surface. ToF-SIMS, with 
its high degree o f molecular sensitivity by the use o f a focussed ion beam, provides 
important molecular information to complement the quantitative XPS analyses.
This chapter also covers atomic force microscopy (AFM), which was developed in the 
late 1980s and early 1990s. Whereas XPS and SIMS are able to provide chemical 
information of surfaces, topographical three-dimensional imaging and much improved 
resolution is achieved with AFM. In particular, atomic force microscopy, AFM, has 
many applications in the characterisation o f polymeric materials.
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Thermodynamic work has also been carried on the plasma treated surfaces, making use 
of the Young equation and the sessile drop technique. A common method of 
characterising a given treatment is to measure the contact angles o f various liquids on 
the surface.
XPS and ToF-SIMS are the surface analysis techniques that will be used extensively 
throughout this study, and therefore, specific emphasis has been made on these two 
techniques in this section.
3.2. X-RAY PHOTOELECTRON SPECTROSCOPY
3.2.1. Fundamentals of XPS
XPS makes use o f the irradiation of the sample surface by soft X-rays. X-ray absorption 
by an atom in the solid leads to the ejection o f an electron, from either the core level, or 
the more weakly bound valence levels. Some o f these electrons are able to emerge from 
the surface of the solid (and into the vacuum into which the sample has been placed). 
This is known as the photoelectric effect. The kinetic energy (EK) o f the electron is the 
experimental quantity measured by the spectrometer, but this is dependent upon the 
energy of the X-ray source employed, and is therefore not a material property. The 
binding energy (Eb) o f the electron is the parameter which identifies the electron 
specifically in terms o f the element and energy level from which it has originated, and it 
is this parameter which is plotted against the intensity as the XPS spectrum.
The process o f photoemission is shown schematically in Fig. 3.01, where an electron 
from the K shell is ejected from the atom. This electron is termed the Is photoelectron. 
All electrons with a binding energy less than the photon energy will be ejected from the 
atom.
43
Chapter Three: Characterisation of Plasma Treated Surfaces
The relationship that combines the parameters involved in the XPS experiment is 
described below,
E b  Hv - E k  ~ ®spectrometer (EC[. 3 .0 1 )
where Eb is the binding energy o f the electron, hv is the photon energy o f the X-ray 
source, Ek’ is the kinetic energy o f the electron emitted from the sample surface, and ® 
is the work function o f the spectrometer.
ejected K electron 
(Is photoelectron)
vacuum
Fermi level 
valence band/ / / X / / / / / / /
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incident X-ray 
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K
Figure 3.01. Schematic o f the photoemission process .
For a conducting sample in electrical contact with the spectrometer, thus ensuring Fermi 
level alignment, as in Figure 3.02, the work function o f the spectrometer, and not the 
sample should be used. The left hand side of Figure 3.02 represents the process of 
photoelectron emission for a metallic specimen, and the right represents those processes 
involved in the energy analysis of the photoelectrons within the electron spectrometer. 
The incoming photon energy will excite a Is electron o f a binding energy Eb relative to 
the Fermi level.
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In the case o f an insulating material, the Fermi levels are not aligned, and nor is the 
Fermi level defined unambiguously as a result o f the band gap between the conduction 
and valence bands. In such cases, energy referencing is often relative to the C ls peak at
285.0 eV, as it is a well-defined peak38.
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Figure 3.02. The relevant energy levels for binding energy measurements o f  a metal in 
XPS. The left hand side represents the sample, the right hand side the spectrometer. 
There is Fermi level alignment as the sample and the spectrometer are in electrical
contact33
The photoemission process described above occurs when the emitted photoelectrons 
have suffered no loss o f energy during transport through the solid. If energy loss does 
occur during transport through the solid, then the result is the inelastic scattering of 
photoelectrons, which contributes to the background o f the spectrum.
Once a photoelectron has been emitted, the atom must relax in some way. This is 
achieved either by the emission o f an X-ray photon, or by rearrangement o f the
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remaining electrons which leads to the emission o f an Auger electron, which for some 
elements, provides chemical state information from some transitions.
The information which can be obtained from an XPS experiment is extremely valuable. 
The most basic XPS analysis will provide qualitative and quantitative information on all 
the elements present, excluding H and He. More sophisticated application o f the 
technique can yield much detailed information about the chemistry, organisation and the 
morphology of the surface.
3.2.2. Depth of Analysis
The surface sensitivity o f XPS is not related to the X-ray penetration depth o f several 
micrometres, but instead due to the probability that photoelectrons generated just below 
the surface will leave the solid with their original energy and thus contribute to the peak 
observable in an XPS spectrum.
The emission depth o f the electrons contributing to the peaks in the spectrum depend 
only on kinetic energy. The depth is dependent upon the inelastic mean free path o f an 
electron (X), which varies as E0'5 in the energy range o f interest in XPS. The inelastic 
mean free path (the average distance that an electron with a given energy travels 
between successive inelastic collisions) is a material parameter for the electron energy 
under consideration and can be estimated from various databases based on validated 
equations. The attenuation length is defined as the average distance that an electron with 
a given energy travels between successive inelastic collisions as derived from a 
particular model in which elastic electron scattering is assumed to be negligible46. The 
attenuation length is experimentally determined by XPS measurements o f characteristic 
substrates with thin attenuating overlayers. In general, the value o f the attenuation 
length is some 10 % less than the equivalent value o f X. Thus, it is important to note that 
it is always the escape depth of the electrons forming the spectrum which determines the 
depth o f analysis.
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The Beer-Lambert law describes the intensity o f electrons (I) emitted from a depth (d),
I  = Io exp ( -d /X sin G) (Eq. 3.02)
where I q  is the intensity from an infinitely thick clean substrate, 6  is the electron take-off 
angle relative to the sample surface. The variation of electron intensity with depth is 
shown schematically in Fig. 3.03.
The equation can be used in a number o f ways to provide information about overlayer 
thickness, or to provide a non-destructive depth profile. Appropriate analysis o f the 
above equations shows that by considering electrons which emerge at 90° to the sample 
surface, 65% will emerge from a depth o f X, 85% from a depth o f 2X, and 95% from a 
depth o f 3X. As the values o f X are o f the order o f a few nanometres, the surface 
sensitivity o f this technique becomes apparent.
electron signal 
(1000 eV)X-ray photons
Figure 3.03. Electron emission as a function o f depth, the horizontal dashed line 
represents a distance from the surface inelastic mean free path (Xf1
3.2.3. Instrumentation
The spectrometers are based on vacuum systems designed to operate in ultra-high 
vacuum (UHV). The system consists o f vacuum pumping system; sample introduction
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and manipulation system; an X-ray source; an electron energy analyser and electron 
optical lens; an electron detection system; and a dedicated data system complete with the 
relevant software to control the spectrometer and to process data post-analysis. A  
schematic representation of a typical spectrometer can be seen in Fig. 3.04.
There are three main reasons why an XPS experiment requires a UHV environment. 
The primary reason for this is directly related to the surface sensitivity o f the instrument. 
At a pressure o f 10' 6 mbar, a monolayer o f contamination can be adsorbed onto the 
surface in minutes, compared to hours if  the pressure is reduced to 10*9 mbar. Another 
important factor for the use of UHV systems is that at low vacuum, or no vacuum, the 
probability o f the emitted electrons colliding with other molecules before reaching the 
detector, is extremely high. Finally, some components o f the system, such as the X-ray 
source require a high vacuum to function satisfactorily.
spectrometer control unit
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Figure 3.04. Schematic o f the analysis chamber and analyser o f a typical spectrometer
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3.2.3.1. X-Ray Sources
XPS requires the generation o f soft X-rays o f around 1 keV (i.e. Mg K ai ,2 = 1253 keV 
and A1 K ai ,2 = 1.486 keV), to give peaks of all elements o f the periodic table. The X- 
ray energy must be high enough to excite an intense electron peak from all of the 
elements o f the periodic table, with the exception o f the very lightest (H and He). To 
enable suitable resolution, the choice of source is limited to those materials whose 
natural line does not excessively broaden the resultant spectrum. The most popular 
choices for anode materials are aluminium and magnesium, which are often available in 
a single X-ray gun with twin anodes which provides A1 Ka and Mg Ka photons with 
energies o f 1486.6 eV, (Kai, 2 width 0.9 eV), and 1253.6 eV, (width 0.7 eV), 
respectively37. The sample to be analysed is shielded from the anode by a thin window 
of a material relatively transparent to X-rays, usually by aluminium foil. This helps 
prevent material from either the filament or the anode from being deposited on the 
specimen. The presence o f this window also helps to reduce the intensity o f high energy 
Bremsstrahlung radiation from the source as well as eliminating stray source electrons 
and contamination from the X-ray gun. When the X-rays pass through the window, low 
energy photoelectrons are emitted from the window surface which faces the sample. 
These electrons are then directly attracted towards the positively charged sample, and a 
small equilibrium potential (<10 eV) is instantaneously established.
Several other materials can be used as X-ray anodes, such as Si K a (1739.5eV, width
1.0 eV), Zr La (2042.4 eV, width 1.7 eV), Ag La (2984.3 eV, width 2.6 eV), Ti Ka 
(4510.0 eV, width 2.0) and Cr Kp (5946.0 eV, Bragg condition fulfilled for 
monochromators). All o f these are o f a higher energy than the usual X-ray sources cited 
above. These higher energy sources allow access to energy levels unattainable with the 
conventional anode materials. For example, the highest K electron available by A1 Ka 
radiation is the Mg Is electron, whereas if  Zr La radiation is used the Si Is electron 
becomes available. By use of several o f these different energy anodes it is, in principle, 
possible to build up a depth profile, as they all analyse to different depths, thus 
monitoring the apparent changes in composition.
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The use of higher energy sources is useful to gain spectra from deeper core levels. 
However, the use o f such sources is not without penalties in the form o f decreased 
spectral resolution and reduction in sensitivity for the lightest elements. The former 
problem can be very severe but can be overcome by the use o f a quartz crystal 
monochromator. All commercial monochromators rely on quartz as the lOlO plane 
fulfils the required conditions for AlKa X-rays, however, by slight adjustment o f anode 
and crystal position, the same monochromator geometry can be used for AgLa (n=2), 
TiKa (n=3) and CrKp (n=4).
Monochromation decreases the X-ray line width and provides a useful means of 
generating a well defined source of photons without the inconvenience o f satellite peaks 
and Bremsstrahlung background. The method depends on the dispersion o f X-ray 
energies by diffraction at a quartz crystal, as predicted by the Bragg equation,
nX = 2d sin Q (Eq. 3.03)
where n is the diffraction order, X is the X-ray wavelength, d  is the crystal spacing and 0 
the Bragg angle. For AlKa, 72=1.
The monochromator works by directing the A1 Ka radiation into a quartz crystal, where 
the lattice spacing between the orientated planes is 0.425 nm, as the A1 Ka wavelength 
of 0.83 nm, the Bragg relationship is satisfied at an angle o f 78° for first order 
reflections.
3.2.3.2. Analysers
The function o f the analyser is to filter the electrons emitted from the specimen 
according to their energy. Two main types o f analyser are produced for electron 
spectrometers, the cylindrical mirror analyser (CMA) and the hemispherical sector 
analyser (HSA). In the past, the CMA has been associated primarily with Auger 
electron spectroscopy (AES) and the typical analyser for the XPS instruments use the
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hemispherical sector analyser, as it is capable o f achieving the resolution for XPS, when 
combined with a pre-retardation stage.
The schematic diagram o f Fig. 3.04 shows the typical HSA configuration for XPS. The 
hemispherical sector analyser consists of a pair o f concentric hemispherical electrodes 
between which there is a gap for the electrons to pass. Between the sample and the 
analyser there is usually a lens, or a series o f lenses. The lenses serve a number of 
purposes, one o f them may be as a pre-retardation stage. The kinetic energy o f the 
electrons as they are ejected from the sample is usually too great for the analyser to 
produce sufficiently high resolution, so they must be retarded. This retardation is 
achieved either within the lens or, using parallel grids, between the lens and the analyser. 
In the HSA, a potential difference AV is applied between the hemispheres, such that the 
outer hemisphere is negative with respect to AV and the inner surface is positive. 
During analysis, the sample from which photoelectrons are emitted is held at earth 
potential, and the analyser is isolated from earth. The analyser may then be operated in 
either fixed analyser transmission (FAT) mode, otherwise known as constant analyser 
energy (CAE) mode, or in fixed retard ration (FRR), alternatively described as constant 
retard ratio (CRR) mode.
In CRR mode, the voltages applied to the hemispheres are increased with the energy o f  
the spectrum, such that the ration o f the kinetic energy of the electrons to the pass energy 
remains constant. In CAE mode, a constant voltage is applied to the hemispheres, which 
allows the electrons o f a specified energy to pass between them. When the 
photoelectrons reach the focal point o f the analyser assembly via a transfer lens, they are 
retarded electrostatically, prior to entry into the HSA. Electrons with energies matching 
the analyser pass energy will enter the analyser and are subsequently detected by one or 
more channeltron detector. Pass energies on the rage of 10-100 eV are most frequently 
used in XPS. The CAE mode offers better spectral resolution, bur reduced sensitivity at 
the low binding energies, while CRR mode offers the reverse. CAE is the mode 
generally used for XPS analysis.
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3.2.3.3. Sample Charging
Most materials, such as almost all minerals, ceramics, fibers, polymers, glasses, halides 
and biological materials, are insulators. In addition, many metals and semiconductors 
are spontaneously oxidised when exposed to air and are thus coated by insulating layers 
(e.g. Fe2 0 3 , SiC>2) of varying thickness.
Irradiation of an insulating material during XPS analysis leads to a net positive potential 
at the sample surface, as electrons are being emitted, but electrons from the bulk, or from 
the sample mounting are unable to compensate for the loss o f these electrons. The effect 
of this positive charge is to decrease the kinetic energy o f the electrons, so that they 
appear on the spectrum at a higher binding energy. Differential charging may occur if  
the sample is in partial electrical contact with the spectrometer. This effect can be 
significant with monochromatic X-ray sources where the X-ray flux density may not be 
uniform across the irradiated area. Cazaux40 has also tried to correlate charging 
mechanisms and radiation damage mechanisms in insulators. These charging and 
damaging mechanisms are only a function of the specimen and o f the irradiation 
conditions but are independent from the specific detection system being used.
In the case o f achromatic X-ray sources, a compensating flux o f electrons is provided by 
the window of the X-ray source (aluminium foil) as explained in section 3.2.3.1.
An ideal charge neutralisation system should provide a high flux o f electrons o f low 
energy, with a uniform charge density. The loss o f electrons can be compensated for by 
flooding the sample with a monoenergetic source o f low energy (much less than 20 eV) 
electrons. It is usually possible to vary the energy o f the flooding electrons to obtain the 
narrowest width of the peak. The arrangements o f the flood gun is typically non-normal 
to the sample surface, and therefore also generally has a variable flux density resulting in 
reduced performance. The use of an electron flood gun to reduce surface charging has 
proved for a long time to be useful in alleviating sample charging problem40. Besides 
their less damaging effects, the advantage of using low energy electron (flood) beams to 
reduce efficiently surface charging in conventional XPS results from their large 
penetration depth (similar to the escape depth o f the secondary electrons).
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Detailed explanation o f charge compensation o f insulating samples, including use of  
flood guns, has been published by Cazaux41. It is important, however, to consider that 
the effects o f charging in the form of shift in energy and peak distortion o f the 
characteristic electron lines, can be a real feature or evidence o f trapped charge, 
especially if  the same effects appear in the various regions (e.g. C Is and O Is). In the 
analysis o f new specimens, the non-monochromated X-ray gun is first used to determine 
the shape o f the peaks o f interest before attempting to run with the monochromator X- 
ray source.
3.2.3.4. Non-Destructive Depth Profiling
XPS is described as a surface analytical technique, but in spite o f this fact, it is possible 
to use it as a means o f obtaining compositional information as a function o f depth. The 
non-destructive depth profile is governed by the parameters o f the Beer-Lambert 
equation as shown in Eq. 3.02. This can be achieved by altering the geometry o f the 
experiment. Fig. 3.05 (a) illustrates how varying the take off angle 0, allows 
information to be collected from different depths. This is generally achieved by tilting 
the samples to the preferred angles. For example, 0 = 15° is extremely surface sensitive 
and at an angle o f 0 = 90°, the analysis depth moves towards a limiting value o f 3X. X is 
the electron inelastic mean free path.
A thin overlayer will give a characteristic angular distribution predicted by the Beer- 
Lambert expression, as described in Fig. 3.05 (b). On the other hand, and island like 
distribution will show no angular dependence, and so it is possible to distinguish 
between the two types o f phase distribution in this way.
This non-destructive technique is essentially important for polymers as actual depth 
profiling by argon-ion etching leads to severe degradation in the polymer surface. This 
makes angle resolved XPS (ARXPS), one o f the few ways o f probing near-surface 
compositional gradients of polymers.
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Figure 3.05. Angular electron emission (a) sampling depth as a function o f  electron 
take-off angle (0), (b) substrate/overlayer and intensity versus 6 31
3.2.4. Spectral Interpretation
The interpretation o f an XPS spectrum requires an appreciation o f the spectral features 
that are observed. Analyses are typically performed by first taking a survey spectrum, 
covering the range 0-1200 eV, and then taking narrow or high-resolution spectra o f the 
features o f interest in the spectrum. In the following sections the various features 
present in an X-ray photoelectron spectrum are briefly described.
3.2.4.1. Background
The photoemission process described above occurs when the emitted photoelectrons 
have suffered no loss of energy during transport through the solid. If energy loss does 
occur during transport through the solid, then the result is the inelastic scattering of 
photoelectrons, which contributes to the background o f the spectrum. The intensity of 
the background increases with increasing binding energy.
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The background generally increases from high to low kinetic energy (vice versa on a 
binding energy scale), with the background also increasing in a step-like manner after 
each peak. The major contribution to this background is from the inelastic scattering of 
electrons in the solid. There is also a minor contribution from electrons excited by the 
Bremsstrahlung continuum.
There are three main types o f background subtraction methods used in XPS spectrum 
analysis: linear, Shirley and Tougaard. This background subtractionhas to be carried out 
before any peak fitting or quantification can be done, (care must be taken in the analysis 
of 3d transition metals, as some peak fitting information might be included in the 
individual backgrounds). Linear is a simple background subtraction method based on 
the assumption that the background corresponds to a straight line, between the start and 
end points o f the background. This is usually the default method in many XPS software 
packages. This method is generally acceptable where there is little change in the 
background height. However, when there is a large change in background heights, this 
can lead to large errors in the estimation of peak intensity, as intensity is usually taken as 
the integrated area under the peak following the subtraction o f the background. In such 
a case, the Shirley can be used. The Shirley background gives a curved S shape and 
assumes that the intensity o f the background is proportional to the peak area ( I b  a  Ip). 
The Shirley is an approximate method for determining the background under an XPS 
peak. In order to work correctly it requires the lower kinetic
energy point to have a higher count value than the upper kinetic energy point. In the 
event that this is not the case, linear algorithms are used. The Tougaard background 
subtraction is a complex one which is calculated from empirical energy loss functions. 
It works well on pure clean metals, with wide energy ranges but is not very useful where 
only a small spectrum range has been acquired or where the overall spectrum is complex 
with little separation between individual peaks.
3.2.4.2. Chemical State Information
The binding energy (Eb) is the energy difference between the final state and the initial 
state o f the emitted electron, where the initial state is the ground state o f the atom prior
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to the photoemission process. If the energy o f the atoms initial state changes, for 
example by chemical bonds with other atoms, then the EB of the electrons in that atom 
will also change. The change in Eb is known as the chemical shift.
It is usually assumed that initial state effects are responsible for the chemical shift, so 
that as the formal oxidation state o f an element increases, EB of photoelectrons emitted 
from that element will increase. This assumes that the final state effects such as 
relaxation have similar magnitudes for different oxidations states. For most organic 
samples this assumption is adequate, but it is now widely accepted that it is the final 
state effects which are responsible for the chemical shift in inorganic solids such as 
metal oxides.
The interpretation o f chemical shift data relies upon the ability to determine peak 
positions to an accuracy of at least ± 0.1 eV. Two possible sources o f error are those 
caused by the spectrometer calibration, and those caused by electrostatic charging o f the 
sample.
In the case o f polymeric materials, composed predominantly of carbon, the shifts on the 
C ls peak allow the polymer to be characterized. The functional groups present in the 
polymer produce chemical shifts on the C ls peak, o f varying magnitude, which can be 
measured accurately. Beamson and Briggs39 have compiled a summary o f these 
chemical shifts in their High Resolution XPS o f Organic Polymers, which can be used to 
predict component binding energies o f the C ls peak.
3.2.4.3. Auger Electrons and Auger Parameter
Once a photoelectron has been emitted, the atom must relax in some way. This is 
achieved by either the emission of an X-ray photon, or by rearrangement o f the 
remaining electrons, which leads to the emission o f an Auger electron. The latter of 
these features can be used to reveal more chemical information o f the surface. A useful 
feature o f Auger electrons is that their kinetic energy values are independent o f the type
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of energy o f the primary excitation source (i.e. it is material characteristic). The 
differences in the kinetic energies o f Auger and photoelectron lines has been found to be 
related to the chemical environment of the ionised atom and most importantly, is 
independent o f reference level and charging effect. This empirical measurement 
pointed, therefore, to an important source of chemical information.
The Auger parameter (a) concept was introduced by Wagner to exploit the greater 
information available from the study o f both Auger and photoelectron lines together 
rather than either alone. The Auger parameter was defined originally as
oc = Ekqu) ~ Ekq) (Eq. 3.04)
where Ekqu) is the kinetic energy o f the Auger transition jk l and EK(i) is the kinetic 
energy o f the photoelectron emitted from atomic level i.
Equation 3.04 is equivalent to
cc = EKOki) + Es(i) -  hv (Eq. 3.05)
However, this presented two problems: (i) the values changed with hv, the energy o f the 
excitation radiation, and (ii) the values may be negative. To overcome both o f these 
problems, hv was added to equation 3.05, and the modified Auger parameter, a*, was 
subsequently introduced, which does not vary with hv, (i.e. modified Auger parameter is 
not dependent on the X-ray source used).
a = a  + hv=EK + EB (Eq. 3.06)
The a-parameter is an empirical measure with a unique value for each chemical state 
and can therefore be used as a ‘fingerprint’ for characterising such states. In some cases, 
the a-parameter is able to provide information on crystal structure and relaxation 
energies. Briggs and Seah43 have compiled a comprehensive data set o f Auger 
parameter values.
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In the case o f silicon, the KL2,3L2J Auger transition is not directly accessible, although 
the Bremsstrahlung radiation from a conventional X-ray (non-monochromated) source is 
able to eject sufficient Si Is electrons to produce a measurable SiKL2,3L2,3 peak. The 
silicon Auger parameter calculated in this way is independent o f sample charging but 
strongly dependent on both molecular and crystalline structure.
3.2.5. Quantification
Quantitative information can be obtained from the intensity o f the area under the peaks. 
This means that the background removal procedure utilised in this is also o f great 
importance. An S-shaped background is generally used due to the ease o f calculation on 
most data systems. All quantification is quoted as an atomic percentage o f the total 
number o f atoms detected. This can be achieved by using relative sensitivity factors 
with one elemental peak taken as the standard to which other peaks are referred.
The intensity (I) is a photoelectron peak from a homogeneous solid can be given, in a 
very simplified form by,
I  = JpoKX (Eq. 3.07)
where /  is the photon flux, p  is the concentration of the atom or ion in the solid, cris the 
cross-section for the photoelectron production (dependant upon the element and energy 
used), K  is the term which covers instrumental factors such as detector efficiency, and 
more importantly, analyser transmission function, and X is the inelastic mean free path. 
Although this equation can be used for direct quantification, it is more usual to adopt an 
instrumental atomic sensitivity factor, F, which includes o, K  and X. Provided the X-ray 
flux remains constant, the atomic percentage o f the elements may be calculated as 
follows,
[A] atomic % = {(IJFa) /  Z(I/F)} x  100 (Eq. 3.08)
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The software o f the spectrometer data system is generally utilised for quantification, and 
standard libraries are commonly used. The use of these libraries assumes that elements 
are present in the metallic or elemental state. Consequently, peaks may be incorrectly 
identified if  they are chemically shifted from the elemental peak position and incorrect 
quantification may occur. Almost all elements in the period table exhibit a chemical 
shift, which can vary from a fraction of an electron volt up to several eVs. Furthermore, 
an XPS spectrum is complicated by the energy from features such as such as shake-up 
satellites. In particular, charge shifting may be required to eliminate effects associated 
with charge compensation techniques. When data is quantified using manufacturer’s 
software, the peaks are measured, suitable sensitivity factors are applied to the data and a 
correction for the instrument transition function is made. The instrumental transmission 
function is calculated from a polynomial fit to experimental data, based on the kinetic 
energy o f the peak, pass energy, X-ray spot size or source and lens mode. A number of 
libraries o f sensitivity factors can be used, with the Wagner (experimental) and Scofield 
(theoretical) ones used most frequently.
Although this quantification method is based on the assumption that the sample surface 
is homogenous within the depth of analysis (often not true as an overlayer o f carbon is 
often present), it is extremely valuable for comparing similar specimens.
3.2.6. Radiation Damage
On the whole, XPS does not cause excessive damage in the sample being analysed, with 
damage been possible from hv, electrons and heat. However, polymers are not entirely 
immune to damage caused by the X-ray beam. Although it is commonly believed that 
using a monochromated source, because o f the absence o f Bremsstrahlung radiation 
reduces any damage, other problems may in this case occur, such as excessive heating o f  
the sample. Radiant heat can also contribute to sample damage, because the nose o f the 
X-ray gun is often positioned close to the sample to improve sensitivity.
The relative stability of a particular polymer or class o f polymers has been compiled as 
part of a database in the form of a degradation index39. The index for a particular
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polymer is based on a graph o f Xt/X0 vs time, where X is a parameter derived from the 
XPS spectrum, which is characteristic of the undamaged polymer; Xt is its value at a 
time t o f exposure to the X-rays; and X0 is its value at time t = 0. The X-ray degradation 
index quoted is the percentage fall in Xt/Xo after 500 min exposure at a source power of 
1.4 kW. The degradation index for poly(dimethylsiloxane), PDMS, is relatively low, 
with a value o f 539.
In general, polymer systems, including those containing additives, are reasonably stable 
during the lengths o f time usually required for analysis, which is o f the order o f tens of 
minutes. However, the drive towards higher energy, and or spatial resolution is leading 
to increased flux densities, and therefore higher radiation doses. Excessive damage 
caused by the beam is usually visible by means o f discoloration o f the sample. Since 
PDMS segments are unstable at temperatures higher than 250°C, they can degrade to 
form cyclic or linear oligomers42.
3.2.7. Summary
The basic theories, experimental details, and interpretation o f XPS have been described 
as they relate to the work carried out on this thesis. XPS can provide much information 
on the chemistry o f the surface, and a knowledge o f the spectral interpretation is 
essential for making the most use of this technique.
The XPS of polymers has long been established, with extensive analysis o f plasma 
treated poly(dimethylsiloxane) surfaces by several authors. Their work will be 
considered when analysing the XPS data obtained from this study to elucidate the 
changes taking place with plasma treatment time.
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3.3. SECONDARY ION MASS SPECTROMETRY
3.3.1. Introduction
Amongst the techniques o f bulk chemical characterization, mass spectrometry has been 
particularly successful over the past three or four decades. Its ability to provide 
information on the elemental composition and detailed chemical structure information 
has been the source o f its success.
The demand for very high elemental sensitivities, down to parts per million, and the 
requirement for surface analysis, led to the development o f secondary ion mass 
spectrometry (SIMS). In particular, time-of-flight secondary ion mass spectrometry, 
(ToF-SIMS) has been recognised as a technique that is both highly surface specific and 
is capable o f providing detailed chemical information, it has an extremely high 
sensitivity and is also capable o f excellent spatial resolution in the current generation of 
spectrometers.
This section provides a background to the technique of ToF-SIMS, detailing the 
secondary ion mass spectrometry process as well as aspects o f the instrumentation.
3.3.2. The SIMS Process
SIMS is the mass spectrometry of the secondary ions emitted from a surface after it has 
been bombarded by a beam of energetic primary ions (10-25 kV). During the impact o f 
a primary particle with a surface, energy is transferred from the primary particle, 
(e.g. 69Ga+ ions) to the atoms o f the material via a collision process. This process gives 
rise to a cascade o f inter-atomic collisions within the solid matrix. The classic simile is 
that o f a billiard ball type collision44. Some of the products o f the collision cascades 
disappear deep into the solid, others return to the surface region causing the emission of 
secondary particles. Emitted secondary particles include electrons, neutral species, 
atoms, molecules and atomic and cluster ions. The sputtering process is shown 
schematically in Fig. 3.06.
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Figure 3.06. A schematic representation o f the sputtering process.
The majority of the emitted species are neutrals (-90 %), used in sputtered neutral mass 
spectrometry (SNMS), however in secondary ion mass spectrometry it is the secondary 
ions (both elemental and fragment ions) that are collected and mass analysed. The 
secondary ions not only give the characteristic elemental composition of a surface, but 
because ions are also emitted in clusters they also give an indication to the chemical 
structure45.
The bombardment of a surface by a beam of high-energy primary ions results in a 
‘cascade’ of atomic collisions within the material. The higher the energy o f the incident 
primary ion the greater the collision cascade within the material and hence the greater 
the yield o f secondary ions. The use of a high flux primary ion beam, however, results 
in ‘damage’ of the sample’s surface. As the ion beam sputters away the sample’s 
surface layers the analysis becomes less and less surface-specific. Eventually bulk 
analysis will be taking place. This process known as dynamic SIMS is a destructive 
process, but can be used to give a depth profile by recording the intensities of chosen 
mass fragments as a function of time (i.e. ion dose). The use of a very low primary 
particle flux density (~ 1 nAcm'2) allows spectral data to be generated in a time scale 
which is very short compared to the lifetime of the surface layer. The information 
gained is characteristic of the chemistry of the surface because the primary particle does 
not impact any point on the surface more than once during the coarse of analysis. This
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process, known as static SIMS, results in a much lower secondary ion yield and hence 
requires a much higher sensitivity o f the detection equipment or longer acquisition 
times. In the static SIMS mode with a time o f flight analyser, parallel rather than series 
detection o f secondary ions is achieved. Maximum dose o f ions into the surface for 
static SIMS has been estimated as 1013 ions cm'2 per analysis, and varied for different 
materials. This is known as static limit.
The depth o f analysis o f fragment ions for static SIMS is significantly lower than that for 
XPS, under typical operating conditions. Previous studies in sampling depth have 
estimated the depth to be if  the order o f 1 nm44. It is also generally believed that the 
emission o f large molecular fragments is mainly from the upper monolayer, as opposed 
to atomic ions, which come from a greater emission depth, that can be comparable to 
XPS. Therefore for static SIMS, the depth for fragment ions (as opposed to elemental 
ions) is generally thought to be approximately the same as the analysis carried out at 
0 = 15° (i.e. 1-2 nm) in XPS.
3.3.3. Instrumentation
The basic arrangement for the SIMS experiment is shown in Fig. 3.07. There are three 
main components; the primary particle source, the mass spectrometer and, since the 
secondary ions are emitted with a range o f kinetic energies, an ion optical system which 
selects ions within a defined energy band compatible with the capability o f the mass 
analyser.
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Figure 3.07. A schematic representation o f a SIMS instrument46
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3.3.3.1. Primary Beam
The principle difference between the conventional quadrupole SIMS and time-of-flight 
instrument is that the primary ion source is pulsed. The range o f types o f primary beam 
source which have been used is SIMS can be classified into four basic types according to 
their mechanisms of primary beam production: electron bombardment, plasma, source 
ionisation, and field emission. These sources offer different performance in terms of 
spatial resolution, ease and speed o f use, sensitivity, performance on insulating materials 
and beam induced damage. The basic components of most types o f ion beam source, 
shown in Fig. 3.08, are, the source region/extraction zone, focusing and collimating 
regions, a mass (Wein) filter beam purification, a pulsing system suited for time-of-flight 
mass analysis, stigmator/focus lens and finally scan rods.
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Figure 3.08. A schematic diagram of (a) the main components o f  a scanning focused ion
gun, and (b) operation o f a Wein filter fo r mass selected ion beam46
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The mode operation of the primary beam largely defines the type o f SIMS information 
available. For static SIMS, the beam is rastered across the region o f interest. This 
enables the sensitivity to be optimized by matching the analysed area to the filed o f view 
of the collection optics o f the analyser.
The brightest sources used for the surface mass spectrometry are field emission sources, 
which also produce the highest spatial resolution. These sources operate on the principle 
of stripping electrons from source atoms situated near to an extremely high electric field. 
A liquid metal produces the most common form of field ionisation source. Source 
energies o f as high as 10-20 kV can be produced by a thin skin o f liquid metal flowing 
over a very fine tungsten tip (~ 5 pm) in a region o f very high extraction field o f about 
108 Vcm'1, Fig. 3.09. This has an effect of distorting the skin towards the exit ring and 
setting up a conical shape (radius o f curvature ~ 2 pm) and ball structure o f liquid metal 
on the probe tip (Taylor cone). Primary ions o f the metal are stripped away from the 
ball.
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Figure 3.09. Principle o f a liquid metal ion source: (a) source schematic; (b) close up o f
extraction region46
The most commonly used liquid ion source is based on liquid gallium which relies on 
field ionising Ga+ from a tungsten tip to generate a very bright and highly focusable 
beam. Although spatial resolutions of 20-200 nm have been realised, it is very difficult 
to maintain static conditions and obtain sufficient signal at these levels o f spot size. In 
time-of-flight spectrometry, the beam system is adopted for pulsing by the introduction
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of deflection blanking plates, which rapidly sweeps the ion beam across an aperture. 
The pulsed version o f this type o f source also offers the best prospect for molecular ion 
imaging at high spatial resolution. However, it is extremely difficult to maintain the 
static conditions when these limits are achieved. In the VG instrument used for this 
study, the spatial resolution is reduced from 200 nm to about 1 pm when pulsing.
Gallium has two isotopes, 69Ga (60.1 %) and 71Ga (39.9 %), and early liquid metal ion 
sources required a mass separation stage in the gun column in the form of a Wein filter. 
A Wein filter acts as a mass separator allowing only ions o f one m/z into the aperture of 
the analysis chamber using magnetic and electrostatic forces. Later designs use 
isotopically separated pure 69Ga ion beam, although it is very difficult to exclude 71 Ga in 
the source.
3.3.3.2. Mass Analysers
As with the ion sources, the choice o f mass analyser depends on the mode o f SIMS 
being employed. For static SIMS, it is necessary to maximise the information level 
achieved from the analysed area. The analysis and detection system therefore need to be 
as efficient as possible for the total yield o f secondary ions from the surface. The 
quadrupole mass analyser was, up until the late 1980s, favoured because o f the ease with 
which it was incorporated in the ultra high vacuum systems. The quadrupole analyser is 
however a low transmission device, furthermore it is a serial acquisition instrument so 
that it only allows the sequential transmission o f ions, all other ions being discarded. 
The information loss is therefore very high.
The time-of-flight (ToF) mass analyser has become o f great importance in the use of 
static SIMS for the analysis of organic materials. This is because the whole spectrum is 
acquired in parallel so the primary ion dose is the minimum possible. Transmission is 
high (or at least constant) across a mass range thus there is no discrimination against 
high mass ions allowing more complex ions to be analysed. The ToF analyser utilises a 
pulsed primary beam, the resulting pulse or ‘packet’ o f secondary ions are accelerated
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via an extraction field, thereby giving them all virtually the same kinetic energy, over a 
very short distance before entering a field-free drift tube. Since ions o f different mass 
will have different velocities mass separation will occur, thus a mass spectrum of all the 
ions is generated from the flight time spectrum. The secondary ions generated in this 
manner usually have quite a wide range of kinetic energies. The ToF method o f analysis 
requires a sufficiently long flight path (1-1.5 m) and very sophisticated high frequency 
pulsing and counting systems to time the flight o f the ion to within a few nanoseconds 
for good mass resolution. The inherent problem with the ToF analyser is the initial 
energy distribution o f secondary ions, and the subsequent effect on any given mass 
rising to slightly different velocities. This can be compensated for by an energy analyser 
in the flight tube. In the Poschenrieder analyser, an electric field is produced by an 
electrostatic sector which is interposed between two linear drift tubes. In this 
electrostatic field, the secondary ions travel in an arc which is longer for the more 
energetic ions in such a way that the initial energy variation is compensated. Another 
example o f an energy analyser is the reflectron, in which energy compensation is 
achieved by an ion mirror. All of the ToF-SIMS data presented in this thesis were 
obtained from a two-stage reflectron ToF-SIMS spectrometer.
A reflectron consists o f a combination of drift regions with an ion mirror. The ion 
mirror utilises an electrostatic filed to reflect secondary ions in order to provide positive 
time dispersion, i.e. increase the flight path o f high-energy ions with respect to the lower 
energy ions. A single-stage reflectron consists o f a combination o f drift regions with t 
single-stage mirror, which provides energy focusing to the first order. When ions start 
from the sample, the higher energy ones will, at a given time, be further along the drift 
region than the lower energy ions. After entering the mirror field, the secondary ions are 
slowed down, come to a stop and turn around to exit the mirror. Up to the point inside 
the mirror where the ions reverse direction, low-energy ions are trailing behind the high- 
energy ions. Ions o f higher kinetic energy will penetrate the mirror deeper than low- 
energy ions. At the point o f reversing direction towards the detector, the high-energy 
ions are trailing behind the low-energy ions. Then ions are then accelerated out o f the 
mirror and enter the drift region towards the detector. High-energy ions will then close 
on low-energy ions until they arrive at the detector simultaneously. The general 
geometry and operation of the two-stage ion mirror system is illustrated in Fig. 3.10. 
Similar to the single-stage reflectron, the two-stage ion mirror system consists o f two
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drift sections and the mirror itself. The basic principle o f elongating the trajectories for 
high-energy ions with respect to low-energy ions and their position reversal at the 
reflection point is the same as for the single-stage ion mirror. Because o f the rather 
strong first deceleration section (Dr), the ions penetrate the two-stage mirror less deeply, 
i.e. a two-stage mirror can be smaller than a comparable single-stage mirror. Typical 
flight path lengths and flight times are 2 m and 6 ps, respectively.
■>} Mirror— 1
Detector
Figure 3.10. a) Schematic diagram o f a reflectron with a two-stage ion mirror, 
b) Visualisation o f the energy compensation in a two-stage mirror reflectron, 
with the relative position o f secondary ions o f low (□) and high (■) energy46
3.3.4. Static Limit for Sample Damage
As has already been stated, the least damage can be imparted to the surface by using 
static conditions for SIMS. However, even in this case, the processes leading to 
secondary ion formation are still destructive and with the absence of rapid repair
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mechanisms, the surface will be progressively destroyed, and the spectrum will reflect 
the change in the structure. The important parameter is therefore the primary particle 
dose required for acquisition of the spectrum. As SIMS is a sputtering process which 
consumes most o f the specimen, it is important that the ion dose is kept below that 
which will consume more than a monolayer. There is a critical limit in SIMS below 
which this problem does not arise, and is known as the static limit (10 13 ions cm'2 for 
polymers). In practice, doses o f 1012 ions cm'2 are preferable to accommodate the fact 
that some polymers are more damage prone than others. In the course o f the SIMS 
studies o f this thesis, the ion dose was kept to less than 1012 ions cm'2, and a spot 
rastered over a (500 x 500 pm2 square) region.
3.3.5. Sample Charging
The use o f a positively charge beam as probe species may cause positive charging at the 
surface o f a poorly conducting sample, such as polymers. The surface potential can rise 
rapidly by hundreds of electronvolts, giving rise to the possibility o f the kinetic energy 
of the emitted ions rising well above the acceptance window o f the analyser, and can 
result in the loss or instability o f the SIMS spectrum.
In ToF instruments, charge stabilisation can be achieved by irradiating the sample with a 
pulse of low energy electrons from a flood gun during the period o f secondary ion 
analysis and detection. The pulsing frequency o f the electron source is usually an order 
of magnitude less than that o f the primary ion source. A schematic o f the process is 
shown in Figure 3.11. The theory behind such a method is that the electrons will be 
attracted to the region o f positive charge on the sample’s surface and hence the surface 
potential will return to neutral. The method is usually successful for the acquisition of 
positive static SIMS spectra, however, for negative ion detection it is necessary to drive 
the surface potential negative in order for the negative ion to be released from the 
surface. This requires a higher flux o f electrons. A disadvantage to electron 
bombardment is that it may give rise to sample degradation and electron stimulated ion 
emission, which is particularly common in polymer analysis. In ToF-SIMS these factors
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may be o f less consequence as the electron flood gun is o f a very low energy and is 
pulsed, however, the pulsing means inherently more complicated electronic systems. A 
carefully balanced beam will compensate for some o f the excess positive surface 
potential. However, excess negative electrons will make the surface potential become 
negative and positive signal may be lost. It is also possible that the use o f an electron 
flood gun will produce problems such as electron simulated ion emission. Sometimes 
the use o f a neutral primary particle beam (not in ToF-SIMS) can be used as a means for 
alleviating the problem of charge build-up o f a sample surface. In fast ion 
bombardment, the unaffected ions are deflected away and surface positive charge build­
up by the loss o f secondary electrons will be compensated by a proportion of those 
electrons returning to the surface. It is also a common practice in SIMS analysis to place 
a course grid over the insulating sample and rater the primary beam within a hole on the 
mesh, to maintain the surface at an appropriate surface potential.
Primary -deflection pulse
n Anode voltage (e‘ source)
200 V
U
Extractor voltage
-5 kV
L J
SI-extraction compensation ESD-suppression 
(secondary-ion) (Electron-Stimulated-Desorption)
Figure 3.11. Pulse-time diagram o f primary ions, extractor voltage and charge 
compensating electrons as used for ToF-SIMS o f insulating materials47
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3.3.6. Secondary Ion Formation for Polymers
In the case of linear or branched polymer, at least four types o f secondary ions can be 
observed. Firstly, those which represent one or more repeat units. These may be intact, 
or slightly rearranged to achieve stability, but in either case a sequence o f ions separated 
by the mass o f the repeat unit may be observed. The second group are derived from the 
repeat unit by simple processes, for example the breaking o f a single side chain bond, 
and which are still characteristic o f the specific polymer. The third group consists of 
low mass fragments which are not structurally specific and which include atomic species 
and simple combinations. The fourth group consists o f fragments, which occur over the 
whole mass range, resulting from processes that lead to ions which have practically no 
link with the original polymer structure.
The fragmentation patterns for polymers is dependent on many factors, namely the 
strengths o f the bonds, the stability of the products of the fragmentation, the internal 
energy of the fragmenting ions and the time interval between ion formation and ion 
detection.
The characteristic positive and negative fragments for poly(dimethylsiloxane) are shown 
below in tables 3.01 and 3.02, respectively, followed by positive and negative spectra, 
Fig. 3.12 and 3.13, obtained from the ‘as received* commercial poly(dimethylsiloxane) 
specimen used in this study.
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Table 3.01. Poly(dimethylsiloxane) characteristic positive fragments.
Mass Fragment Ion Structure
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Fig. 3.12. ‘As received ’ commercial PDMSpositive spectra with expanded region.
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Table 3.02. Poly(dimethylsiloxane) characteristic negative fragments.
Mass Fragment Ion Structure
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Fig. 3.13. ‘As received’ commercialPDMS negative spectra with expanded region.
3.3.7. Summary
ToF-SIMS is a very useful surface analysis technique for the analysis o f polymers, if  the 
conditions for static analysis are maintained. Another problem associated with ToF- 
SIMS of polymer substrates, as with XPS, is the requirement for charge compensation. 
This is not always easy to overcome, but it is possible to achieve good quality positive 
and negative spectra from a polymer surface.
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It was decided to use ToF-SIMS in the investigation o f plasma treated PDMS surfaces 
because o f its chemical specificity. It was anticipated that ToF-SIMS would be able to 
characterise the molecular structure o f the plasma treated layer, and this information, 
combined with XPS data, would provide an insight into the surface morphology o f the 
PDMS surface.
So far the basic theories, experimental details, and interpretation o f XPS and ToF-SIMS 
have been described as they relate to the work carried out in this thesis. Both techniques 
have been used to analyse the surfaces of the plasma treated poly(dimethylsiloxane), and 
identify the surface functionalities introduced by the plasma treatment. In addition to 
these surface analytical techniques, atomic force microscopy (AFM) and contact angle 
measurement techniques have been used to characterize the surface properties o f the ‘as 
received’ and plasma treated PDMS surfaces. The brief details o f these other techniques 
are given below in the following sections.
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3.4. ATOMIC FORCE MICROSCOPY
3.4.1. Introduction
Conventional microscopic techniques use waves of various descriptions combined with 
suitable imaging apparatus to create a two-dimensional image o f certain properties such 
as absorbency or reflectivity.
Atomic force microscopy (AFM) is a scanning probe microscopy (SPM), which uses a 
probe to scan the specimen surface to create a three-dimensional image.
The advantages o f this technique to examine polymer films after they have been plasma 
treated, as is its use in the current study, are that it can be used on a non-conducting 
surface like a polymer, and also that the resolution is significantly better than techniques 
such as scanning electron microscopy (SEM), where a beam of electrons is directed at 
the specimen. The resulting signal (from various depths) makes up the SEM image and 
this can be used to study the surface or near surface structure o f bulk materials. AFM 
provides a digital 3-D image of the surface, and is able to do so without the requirements 
for vacuum systems. For more developed studies, it is also possible to image the surface 
in a medium other than air, for example a liquid.
3.4.2. Modes of Operation
The AFM operates by scanning a sharp probe tip located at the end o f a cantilever spring 
over a sample surface. Deflections of the spring can therefore be translated into a relief 
map o f the surface. The scanning movement is achieved by applying controlled voltages 
to piezo ceramic transducers. The cantilever deflection is measured by reflecting a laser 
beam off the back of the cantilever, and by monitoring the reflected spot on a photodiode 
detector. AFM measures the interaction force between the probe and surface structural 
features to reveal the surface topography in a very direct way.
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A schematic diagram of AFM is shown in Fig. 3.14. The cantilever o f the AFM has a 
sharp force-sensing tip at its end, which interacts with the surface. As the interaction 
between the cantilever tip and the surface of the sample varies, deflections are produced, 
which are measured by the photodetector, and converted into a topographical image.
Light
Photodiode Lens
Cantilever
Sampler
z AFM Image
Piezoelectric 
Tube Scanner
Figure 3.14. Schematic o f  the atomic force microscope
AFM has many modes o f operation generally split into contact or non-contact. In the 
former, the tip actually touches the sample, and the repulsive forces are measured. The 
repulsive forces deflect the cantilever and this deflection is measured by the reflection of 
a laser. A control system ensures that the cantilever deflection, hence the force, remains 
constant throughout the scan.
In non-contact mode, the position of the cantilever is brought very close to the surface. 
The tip is then vibrated at a known frequency. The force between the tip and the surface 
will later the spring constant o f the cantilever, which alters its response to the applied 
vibration as its resonant frequency changes. The amplitude change is used to track the 
frequency change. In order to maintain a constant surface to probe distance throughout 
the scan, the control system adjusts the piezo height so that a constant amplitude 
vibration is achieved. Non-contact mode measures the attractive forces and the lateral 
force exerted during scanning is virtually zero. For this reason, for minimal damage to a
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soft surface, such as a polymer, non-contact mode is often the best method. If contact 
mode is employed, care must be taken to ensure that the surface o f the sample is not 
damaged.
In order to be able to sense the weak van der Waals forces, the probe must be brought 
very close to the sample surface. However, under ambient air conditions, most surfaces 
are covered by a layer o f adsorbed gases (condensed water vapour and other 
contaminants), which is typically several angstroms thick. When the scanning tip 
touches this layer, capillary action causes a meniscus to form and surface tension pulls 
the cantilever down in to the layer, Fig 3.15. Trapped electrostatic charge on the tip and 
sample can also contribute to additional adhesive forces.
Cantilever with tip
Fluid layer
Electrostatic charge
Figure 3.15. In contact AFM, electrostatic and/or surface tension forces from the 
adsorbed gas layer pull the scanning tip towards the surface (Taken from  
http://www.di.com , Digital Instruments, Veeco Metrology Group, Santa Barbara, CA)
These downward forces increase the overall force on the sample and can cause severe 
distortion of the image, including damage to the sample.
Digital instruments50 developed the TappingMode of imaging for AFM to overcome the
problems arising from frictional forces in contact mode AFM. In this mode, the piezo 1 
motion causes the stiff monocrystalline silicon cantilever to oscillate with a high i 
amplitude (the “free
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air" amplitude, typically greater than 20nm) when the tip is not in contact with the 
surface, Fig. 3.16.
The oscillating tip is then moved toward the surface until it begins to lightly touch, or 
"tap" the surface, Fig. 3.16. During scanning, the vertically oscillating tip alternately 
contacts the surface and lifts off, generally at a frequency o f 50 to 500 kHz. As the 
oscillating cantilever begins to touch the surface, its oscillation is reduced due to energy 
loss caused by the tip being in contact with the surface. This reduction in oscillation 
amplitude is used to identify and measure surface features. In tapping mode, the 
cantilever oscillation is damped when the tip comes into contact with the water layer and 
the sample surface, but the large vibration amplitude gives the cantilever sufficient 
energy to overcome the surface tension o f the adsorbed water layer.
‘Free” amplitude
Fluid layer
‘Tapping’
Amplitude reduced
Figure 3.16. TappingMode cantilever oscillation amplitude in free air and during 
scanning (Taken from http://www.di.com , Digital Instruments, V eeco Metrology Group, Santa
Barbara, CA)
The force imparted to the sample by the cantilever can be very small and small shifts in 
the vibration amplitude can be detected. Conservative estimates predict the applied 
force to be in the 0.1 to 1 nanoNewton range, which is significantly lower than the force 
applied by contact AFM.
AFM is a useful technique for monitoring the changes in the morphology o f a surface 
with increasing levels of plasma treatment. The AFM topographical data presented in
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this thesis have been acquired using TappingMode imaging AFM, which allows high- 
resolution topographic imaging of sample surfaces that are easily damaged, soft and 
adhesive in nature.
3.4.3. Force Curves in AFM
The use of AFM to obtain topographical images of surfaces has been described above. 
AFM can also be used to obtain information of the adhesive, attractive or repulsive 
forces acting between the tip and the sample surface, from the resulting force versus 
separation curve. A typical force curve is shown in Fig. 3.17, and the analysis of the 
curve is as follows:
Piezo (nm)^ 
displacement
Figure 3.17. Typical force curve and its tip movement51
REGION A: At large separations the cantilever remains stationary. The cantilever, 
placed at the end of an expanding piezo ceramic is brought closer to the 
sample surface.
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REGION B: When the surface is typically within a few tens o f nanometers from the 
cantilever, the two surfaces experience a mutual interaction resulting in a 
deflection o f the spring. This interaction can be attractive or repulsive. If 
the force is attractive, then a point o f mechanical instability is often 
observed and the spring snaps into contact with the sample surface.
REGION C: Further sample motion in the same direction bends the cantilever 
backwards and increases the loading force o f the cantilever tip against the 
surface.
REGION D: When the piezoelectric ceramic is contracted and the contact load is 
reduced, the cantilever tip adheres to the surface causing the cantilever to 
bend down.
REGION E: The cantilever tip continues to adhere until the bent cantilever generates 
enough force to pull the tip off the surface. The cantilever then returns to 
its resting position.
The cantilever spring is typically 0.6 to 2.0 pm thick and, depending on the geometry 
and length, can have a wide range of force constants. The displacement o f the cantilever 
is detected optically with a precision o f about 0.1 nm. This corresponds to a maximum 
force sensitivity o f 0.003 nN for a spring constant o f 0.03 Nm'1.
From an unloading curve, one can obtain the removal force o f the cantilever tip from the 
surface. The removal force is proportional to the maximum downward displacement o f  
the cantilever. The constant of proportionality or the spring constant, k, o f the cantilever 
can be calculated from the geometry o f the cantilever and the elastic modulus o f silicon 
nitride.
The adhesive force between the cantilever tip and substrate is given by the maximum 
deflection o f the cantilever prior to detachment (or decoupling) o f the two surfaces. On 
a force-separation curve this is represented by the minimum in the withdrawal curve. 
Raw data is acquired in the form of detector current versus piezo displacement. This
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raw data can then be transported into a spreadsheet format, as depicted below in Fig. 
3.18. The data are taken from the interaction between a glass slide and a glass
microsphere (radius 5 pm) attached to the end o f a cantilever under ambient conditions.
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Figure 3.18. Raw experimental data exported from the commercial AFM instrument
A mean value o f the cantilever displacement corresponding to data outside the region o f  
particle-surface interaction is taken to give a 'zero force' current. In the example given 
above, the zero force current is approximately -3.5nA..The value o f the zero force current 
is dependent upon the location of the reflected laser spot from the cantilever beam on to 
the PSD. The data are then shifted on the y-axis so that the zero-force current 
corresponds to a current of zero. The result o f this shift is as follows, Fig. 3.19:
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Piezo displacement (nm)
Figure 3.19. Experimental data with 'zero-force' current correction applied.
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When the cantilever and sample are in contact, the cantilever displacement is 
synonymous with the displacement of the substrate on the piezo ceramic providing the 
contact is rigid. Therefore, the cantilever displacement can be obtained by multiplying 
the detector current by the reciprocal o f the gradient o f the solid-solid contact region 
using a non-compliant system, e.g. a bare silicon tip on silicon surface.
In order to plot the force of the interaction between the cantilever and the sample and the 
displacement between the surfaces, the true separation between the surfaces needs to be 
evaluated. This can be obtained by taking into account the relative movements o f the 
piezo and the cantilever. It is convenient to define a datum as the initial separation, as 
shown in Fig. 3.20. The force acting on the cantilever can be calculated using Hooke’s 
Law, (F = kx), by multiplying the cantilever displacement by the spring constant.
Photodetector
Cantilever
displacem entLaser beam
Cantilever
Initial separation
Piezo  
displacem entPiezo
expansion
Piezoelectric
ceram ic
Piezo
contraction
Figure 3.20. Diagram depicting the process o f extraction o f raw data into force vs. true
separation curves
The steps can be summarised as follows:
1. Calibrate to ‘zero force’ current.
2. Determination of the gradient o f contact region,
. . ADetector current (nA)
Gradient oj contact region = -------------------------- \  \
APiezo displacement (nm)
(Eq. 3.08)
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3. Calculate cantilever displacement in nm, (Eq. 3.09),
Cantilever displacement (nm) = Detector current (nA) X ---------------------------------------------
Gradient o f  contact region
4. Evaluation o f true separation, (Eq. 3.10),
True separation (nm) = (Piezo displacement + Cantilever displacement) -  Initial separation
5. Calculation o f the force acting on the cantilever using Hooke’s Law,
f
Force (N) = Cantilever displacement X Cantilever spring constant (Eq. 3.11)
The force-distance curve can then be generated as below, Fig. 3.21,
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Figure 3.21. A force-separation curve analysed from raw experimental data
The spring constants o f the cantilevers employed have been calculated based on its 
dimensions, as characterised by SEM, and using classic beam theory.
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3.4.4. Summary
AFM is a useful technique for monitoring the changes in morphology or a surface with 
increasing levels o f treatment. It is able to image features smaller than would be 
possible using conventional SEM techniques.
AFM has been used in this study to obtain topographical three dimensional images o f the 
plasma treated surfaces. Adhesion studies were carried out between a bare silicon 
nitride tip and the plasma treated PDMS surface with force-separation curves. 
Furthermore, glass ballotini particles were attached to the underside o f cantilever tips to 
quantify the adhesive force between the plasma treated glass particle and the plasma 
treated PDMS surface.
3.5. THERMODYNAMIC STUDY OF PDMS SURFACES
3.5.1. Introduction
Modified wettability is one o f the most attractive results o f plasma treatment, and 
therefore, a common method of characterising a given treatment is to measure the 
contact angles o f drops of various liquids on the surface. Untreated polymeric surfaces 
are usually hydrophobic, displaying advancing and receding water contact angles from 
60° to 90° or more. Plasma-produced polar groups increase the surface free energy, y, of 
the polymer; the accompanying decrease in contact angle, 0, usually correlates with 
better bonding o f adhesives, and 0 has often been used as an estimate o f bonding 
quality52, i.e. the surface is wettable and hydrophilic. The value o f y is usually 
determined from measurements of the static contact angle of a selected series o f liquids. 
However, for rigorous interpretation of contact angle measurement, one must take into 
account the fact that real surfaces possess microroughness, and that the relative 
concentrations of hydrophobic and hydrophilic molecular groups may vary. This will 
lead to contact angle hysteresis and presents real problems. One must therefore take into
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account deviations from the ideal surface (rigid, smooth, and homogeneous) when 
evaluating experimental and theoretical.
In order for two surfaces to interact they must be brought into close (molecular) contact 
with each other. The interaction which will take place depends upon the nature of the 
two surfaces. Polymer surfaces usually have very low surface energy compared to those 
of oxidised metal surfaces: typically <100 mJ m‘2, as opposed to >500 mJ m'2. The 
types o f attractive forces available for adhesion are typically only van der Waals 
(dispersion) and Lewis acid-base (electron donor-acceptor forces), as described in the 
previous chapter on adhesion mechanisms. The measurement o f contact angles is an 
extremely surface sensitive technique, as it deals with the short range interactions, such 
as hydrogen and acid-base bonds, and provides the subsequent calculation o f surface 
free energies. The range of these forces is in the nanometer range, thus analysis o f the 
contact angle can be used to investigate the changes taking place at the very surface 
during a surface treatment, such as plasma treatment.
The following section aims to describe the basic theories o f wetting and spreading o f a 
liquid onto the surface of a solid, and includes a brief description o f methods of 
measuring contact angles.
3.5.2. Wetting and Spreading
When a drop o f liquid if  placed onto a solid surface it will modify its shape as an effect 
of the surface/interfacial tension to which it is subjected, until it reaches equilibrium. 
The liquid will either spread across the surface to form a uniform layer, or it will spread 
to a certain extent, but remains as a discrete drop on the surface. The final condition of 
the applied liquid on the surface is taken as an indication o f the wettability o f the surface 
by the liquid. Wetting can be described as the kinetic means o f obtaining good 
adsorption of a polymer on a surface. Wetting allows the polymer molecules to come 
into intimate contact with the substrate, thus enabling the formation o f polymer/substrate 
interactions. If the liquid adhesive has a lower energy than the solid surface material, it 
will tend to wet the surface and penetrate fully into the surface irregularities.
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Conversely, an adhesive o f higher energy than the surface material will tend to de-wet 
and will form only a limited contact area. A measure o f the wetting tendency is given by 
the contact angle 0\ Fig. 3.22.
a) 0 = 0 °  b) 0 *  50° c) 0 * 1 2 0 °
Figure 3.22. Schematic representation o f the various degrees o f  wetting: a) wetting,
b) poorly wetting and c) non-wetting.
An expression for 0 can be obtained by the horizontal resolution o f forces in the form of 
the Young Equation, Fig. 3.23,
Vapour
0 'sl Liquid
Figure 3.23. The contact angle 0 resulting from surface and interfacial forces in
equilibrium13
7sv -  Ysi =  Yiv cos 0 (Eq. 3.12)
where Ysv = surface free energy o f the solid-vapour interface,
Ysi -  surface free energy of the solid-liquid interface,
Yiv = surface free energy of the liquid-vapour interface, and
0 = contact angle.
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A term known as the equilibrium spreading pressure, ne should be added to the Young 
equation, to take into account the reduction o f the free energy o f the solid by the 
adsorption o f the vapour of the liquid. Equation 3.12 would then become:
Ysv -  Ysi - 7re = Yiv cos 6  (Eq. 3.13)
It is generally accepted that, if  the contact angle is larger than about 10°, the spreading 
pressure can be safely neglected, as it is in the case o f polymers.
3.5.3. Measurement of Contact Angles
The three most commonly used methods of contact angle measurement are the sessile 
drop, the captive drop and the Wilhelmy plate techniques. In the sessile drop method, a 
droplet of a purified liquid is placed onto the surface by means o f a syringe or a 
micropipette. The droplet can then be observed, conventionally by a low magnification 
microscope fitted with a goniometer eyepiece, or by the use o f a video contact analyser 
(VCA). The latter uses a digital video camera to image the droplet o f the surface, and a 
software package can then be used to measure the contact angle, either manually or 
automatically. If the contact angle has been measured by the sessile drop method, it is 
referred to as the static, as opposed to the dynamic angle, which is measured, for 
example, using the Wilhelmy plate method.
The Wilhelmy plate method measures the dynamic contact angle. The advancing and 
receding contact angles are calculated from the force exerted as the sample is immersed 
or withdrawn from a liquid. The main advantages o f this method are the ability to 
control interfacial velocity, and the fact that measurements can also be obtained from 
various geometries, including small diameter fibres.
The captive bubble technique involves an air or liquid drop on the sample surface 
immersed in a liquid medium by means o f a U-shaped needle. Advancing and receding 
contact angles can then be measured as in the sessile drop technique.
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3.5.4. Contact Angle Hysteresis
The contact angle, being a thermodynamic quantity, should be expected to be a unique 
value for any particular system. A drop o f liquid on a solid surface usually does not 
follow the behaviour predicted by the Young equation, since, instead o f only the one 
angle resulting from the balance o f interfacial energetics, it usually displays a range of 
allowed contact angles. When an interface advances along a surface, the ‘advancing’ 
contact angle, 0a, is larger than the ‘receding’ angle, 0r. This is known as the contact 
angle hysteresis. There are two types o f hysteresis, one caused by thermodynamics and 
the other by kinetics.
Thermodynamic hysteresis is caused by the non-ideal nature o f real surfaces and the 
existence o f hysteresis usually means that a system is constrained in a metastable, non­
equilibrium state. According to the hypothesis underlying the Young Equation, solid 
surfaces should be homogeneous, smooth, flat, isotropic and rigid. Clearly, real surfaces 
very often do not fulfill all these requirements. Contact angle hysteresis results from the 
relaxation of these constraints.
It is also possible to observe time-dependent liquid-solid interactions, which can be 
referred to as kinetic hysteresis. Swelling o f the solid, liquid penetration or liquid- 
induced surface restructuring or deformation, can be a cause o f kinetic contact angle 
hysteresis. A very simple example of kinetic hysteresis is given by water contact angle 
measurements o f poly(dimethylsiloxane). The extremely high advancing water contact 
angle (113°) reflects the very hydrophobic nature of methyl groups. The receding angle, 
on the other hand, is rather low (about 80°) and decreases as the contact time between 
the water drop and the PDMS surface increases. Probably, the behaviour o f the receding 
PDMS contact angle reflects two different time dependent mechanisms: the first one is 
the reorientation o f the very flexible siloxane backbone, which allows the interaction to 
be maximised between water and the high energy Si-O-Si units. The second mechanism 
involves water diffusion in the open silicone structure13.
Swelling and water penetration are a general cause o f time dependent hysteresis. These 
effects can be readily observed changing the measurement time. In this respect, the
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Wilhelmy plate technique, where the stage speed and the measurement time can be 
carefully and reproducibly controlled, is the technique o f choice.
A careful analysis o f contact angle behaviour is always required before deciding whether 
the measured macroscopic angle is the result o f surface energetics vectors in the Young 
sense, or rather the combined effect o f surface energetics and morphological features, 
liquid or environmental induced effect, and so on. Once the measured angle is 
recognised as a Young angle, the next step is to decide how to handle the basic one 
equation-two unknown relationship (Eq. 3.10) to derive surface energy and work of 
adhesion information.
3.5.5. Surface Energy Calculations
The physical origin o f surface energy is the unfavourable state o f matter at interfaces and 
the excess energy at a surface as a result o f the ‘unsatisfied’ bonds. When atoms or 
molecules are exposed at an interface, they are no longer surrounded from every side by 
like molecules. They must either lose some of the interaction energy in the case o f an 
ideal surface against vacuum or share some o f the interaction energy with the molecules 
of the surrounding medium. Hence the thrust o f liquids to minimise their surface area, 
or, in general, the occurrence o f capillary phenomena. This is comparable to Gibbs free 
energy, G, in bulk thermodynamics, where G is defined as an excess quantity, drawing 
an imaginary and arbitrary dividing mathematical surface (Gibbs surface) between the 
two phases separated by the interface.
The work o f adhesion is then the free energy change needed to separate two surfaces 
from contact to infinity. It also reflects the nature of the interaction o f these surfaces. 
Hence, surface energy is extremely important in the characterisation o f adhesion. Over 
the years, many investigators have attempted to evaluate this parameter. However, there 
are many ambiguities in the experimental methods and the interpretation o f the results, 
and there is still no definite solution is universally accepted.
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The most widely used technique to evaluate solid surface energy is perhaps based on the 
measurement o f contact angles and using semi-empirical models such as, Good- 
Girifalco-Fowkes equation, Wu equation o f state, geometric mean approximation and 
the harmonic mean approximation53. Zisman plots can also be used to determine yiv of a 
liquid which will just wet the surface. Mangipudi and coworkers have compared the 
various theories and have concluded that the method o f analysis o f contact angle data 
can have significant influence on the values o f the estimated surface energy. Other 
problems that further complicate the interpretation o f contact angles are well- 
documented and these include relaxation phenomenon in polymers, surface deformation 
on low-modulus solids, surface roughness, surface heterogeneity, swelling and liquid 
penetration and surface mobility and reorientation.
Classical thermodynamics deals with ideal systems which it treats by way of 
unambiguous definitions. The work o f adhesion Wa may be defined as the free energy 
change required to separate two defined states, the first o f the two phases (1 and 2) in 
contact in equilibrium, and the second comprising the two phases separate in equilibrium 
in vacuo (i.e. in equilibrium with their own vapours), as shown in Fig. 3.24.
Unit area
Work o f adhesion
Unit area
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Figure 3.24. The change from two phases in contact at equilibrium to the two phases 
separate in vacuo for which the work o f adhesion is defined, and the work o f  cohesion.
In order to calculate W a , it is first necessary to have an estimate o f the interfacial free 
energy, /ab- Provided the interfacial free energies o f the two components are known, Wa 
may be calculated from the following equation, referred to as the Dupre equation.
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WA = Yi + 72 - Yi2 (Eq. 3.14)
where 71 and 72 refer respectively to phase 1 and 2 in vacuo. By analogy, work o f  
cohesion refers to the situation where there is only one phase and so is defined as
Wc = 2 y j  (Eq. 3.15)
Early attempts to evaluate the yab were by analogy with the Berthelot relationship, a 
concept originally developed for the estimation o f the attractive constants between both 
similar and dissimilar gas phase molecules. This approach proved unsuccessful, as it 
failed to take account o f the different types o f interfacial interactions operating. The 
Berthelot relationship, as presented by Fowkes, is stated below,
Tab =  7 a  +  7 b  ~ 2  (y A yB) I/2 (Eq. 3.16)
It has been shown by Fowkes, that the surface free energy term, y, can be represented as
the sum of seven different contributions. In general, only the first three contributions are
quoted, as they tend to predominate, i.e.,
r = f + f  + f  + . . . .  (Eq. 3.17)
where, y  is the dispersion component, f  the polar component and, 7  the metallic 
component. Other contributions arise from electrostatic, covalent and hydrogen bonds, 
in addition to minor contributions from dipole-dipole interactions (Keesom forces) and 
dipole-induced dipole interaction (Debye forces).
Following Young's attempt to determine the surface energies by contact angles, Fowkes 
noted that for most systems, the first two terms in Eq. 3.17 (i.e. the dispersion and polar 
forces) dominate. He was therefore able to adopt the Berthelot type equation, by 
incorporating a geometric mean term to account for the polar and dispersive interactions.
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Thus, for two components A and B, the net energy o f phase A is:
p  _  „  / „  D D\l/2 /  P PJ/2
& a ~ Y a - ( Y a Yb  )  - ( Y a Yb  ) (Eq. 3.18)
And for phase B:
p  _  „  D D\l/2 ,  p  pa /2
j^b  ~  Yb  ~  (Ya  Yb  J -  (Ya  Yb  J (Eq. 3.19)
Therefore the interfacial free energy can be calculated as:
Ta b  =  Ya  +  Yb ~  2 (Y aD YbD) 1/2 -  2 ( yaP YbP) U2 (Eq. 3.20)
Equation 3.20 is also known as the Owen and Wendt equation.
If the Young equation (Eq. 3.12) and the Owen and Wendt equation (Eq. 3.20) are 
combined, the Owen/Wendt/Young equation results,
r L ( i  + cosfl) _  ( f v / 2
2fr?r '
t a i
LW"
+ { r s T  (Eq. 3.21)
Y ( 1 "4* COS 0 )The equation is in the form of y  = mx + c, and if  a graph o f \  —- is plotted
versus Mli>?r
2(nT
, the gradient of the best-fit line will be )'/2 and the line intercept
(ys )12 • The surface energy o f the unknown solid, ys, is then the sum o f the two,
Ys = Ys° + YsP •
In this manner, using the Owen/Wendt/Young equation, the surface free energy o f a low 
energy surface can be calculated by the sessile drop contact angle technique. This then 
allows the calculation of the interfacial free energy, yABi from Eq. 3.20. Having
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determined Ya b , the work o f adhesion may now be calculated by substituting yab into the 
Dupre equation (Eq. 3.14).
W A =  2 ( 7aD YbD) U2 -  2 ( 7a P Yb ) 1'2 (Eq. 3.22)
Under dry conditions, Wa values are, almost without exception, positive in value. In 
practical systems, again in dry conditions, it is extremely rare to see true interfacial 
separation, thus supporting the results o f the thermodynamic calculations, (i.e. positive 
work o f adhesion). The Dupre equation can be further modified to consider the presence 
of a third, usually liquid phase.
W a l  =  YiL +  Y2L -  Y12 (Eq. 3.23)
In service, joints will almost without exception, come into contact with a third phase. 
Water is one o f the most frequently encountered fluids, but other common liquids 
include organic solvents, oils and fuel. By using values for the polar and dispersive 
components of surface free energy, it is possible to calculate the thermodynamic stability 
of a system in the presence o f a third phase. Negative values o f W al  suggest that the 
system will be unstable in the presence o f third phase. However, in practice, negative 
Wal values do not always result in interfacial failures. Thermodynamic calculations give 
an indication of whether the process is likely to occur, without taking into account the 
kinetics o f the process.
3.5.6. Summary
While the contact angle o f a liquid on a solid may be considered the characteristic o f the 
system, that will be true only if  the angle is measured under specific conditions o f  
equilibrium, time, temperature and component purity. The technique o f measuring the 
contact angle is a very easy method, as it requires low cost equipment and is relatively 
simple to obtain the data and the sessile drop method was used in this study to measure 
the contact angle o f different liquids on plasma treated PDMS surfaces. However, it is
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important to note at this stage that only the contact angles (and subsequently the surface 
energy) o f low energy surfaces can be obtained using this methodology.
In Chapter 7, the contact angles were measured for PDMS surfaces before and after 
plasma treatment. By the use o f different liquids, the surface energy o f the plasma 
treated surfaces may be calculated, and these results then related to data from the other 
surface analysis techniques (XPS, ToF-SIMS and AFM) in order to identify the 
chemical changes which are occurring on the plasma treated surface.
Despite some inherent problems with this method, as outlined above, contact angles are 
still a useful technique for the investigation o f the changes taking place on the polymer 
surface. It proved particularly useful in the investigation o f hydrophobic recovery o f the 
plasma treated surfaces.
3.6. CONCLUDING REMARKS
A variety o f surface analysis techniques have been employed in this study, and these 
have been outlined in this chapter. Individually, each technique provides specific 
information about the surface o f the plasma treated PDMS. Only when the data obtained 
from all these techniques are combined together, complementing each other, that they 
help to elucidate the changes taking place on the plasma treated surfaces.
The next chapter will now concentrate on the material under study, the 
poly(dimethylsiloxane), and the experimental details for the equipments employed in the 
course of this study.
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Chapter Four
Materials and Experimental Methods
4.1. COMMERCIAL PDMS
4.1.1. Introduction
The silicone elastomer used in this study is Sylgard™ 184, a commercial material from 
Dow Coming Corp, prepared by the cross-linking o f end-functionalised 
poly(dimethylsiloxane), PDMS.
The commercial PDMS was supplied in a two-part kit, the silicone elastomer base (vinyl 
end-capped oligomeric dimethylsiloxane) and the silicone elastomer curing agent 
(methyl hydrogen siloxane with platinum complex as catalyst for the hydrosilation 
reaction). Following the recommendations o f the manufacturer, a 10:1 (w:w) mixture o f  
the base and curing agent was stirred in a plastic weighing dish. The mixture was de­
aerated under vacuum to remove air bubbles created at the mixing stage. The mixture 
was then used to make samples for the different studies. The curing reaction was carried 
out in a pre-heated oven at 70°C for 2 hours. This procedure is the same as that 
followed by Patel et al. 54 and Chaudhury and Whitesides55 in the literature.
Different sample preparation procedures using heptane, toluene and chloroform to 
extract PDMS are reported in the literature56'60, after Silberzan et al51 found that such 
treatments removed all the sol fraction and free PDMS chains found in the crosslinked 
matrix after hydrolisation. In this study, the unreacted oligomers were removed from the 
elastomer by 12 h o f Soxhlet extraction with chloroform.
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The pot life o f the mixed silicone elastomer is 2 hours, it has specific gravity o f 1.05 
g/mm3, viscosity o f 2100 cP, estimated molecular weight o f 33,000 and degree o f 
polymerisation o f 300 (as supplied by the manufacturer). The commercial PDMS has 
M/Q resins in the crosschains, making the elastomer rubbery and allowing light to shine 
through it due to the small M/Q molecules (5 nm in size).
4.1.2. Sample Preparation
4.1.2.1. Thin Films
The deaerated mixture was coated onto 0.25 mm thick 99.0% pure aluminium foil from 
Goodfellows Metals using a 10 pm wet thickness wire-wound bar coater (Sheen 
Instruments). Prior to coating, both the aluminium foil and the bar coater were washed 
with chloroform and then dried. The final cured films had a thickness o f approximately 
5 pm. 1 cm diameter discs were punched out o f the aluminium foil for plasma treatment 
and subsequent surface analysis. Punching o f the discs was carried out onto the non- 
PDMS coated aluminium foil side. Thicker films of 1~2 mm thickness were also made, 
by pouring the mixture onto poly(styrene) petri dishes followed by the 2 hours at 70°C 
cure protocol.
X-Ray photoelectron spectroscopy, (XPS), analysis o f the petri dish surfaces after curing 
of the commercial PDMS showed no cross-contamination. The survey spectrum o f the 
petri-dish shown in Fig. 4.01 is typical o f that o f poly(styrene)39.
4.1.2.2. Hemispherical Lenses
Hemispherical lenses o f commercial PDMS were made by curing the silicone 
formulation in a three-phase medium composed o f the silicone, HPLC grade water and 
polyester Mylar sheet61, Fig. 4.02. 1 ml plastic disposable syringes were used to ensure
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that the hemispheres were o f similar size. The lenses were then cured at 70°C for 2 
hours and stored in a vacuum desiccator until required.
SYLGARD184, silicone/petri-
40000t
C ls
30000
1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)
Figure 4.01. Survey spectrum o f the poly(styrene) petri-dish after contact with the cured
commercial PDMS.
Distilled
water
Mylar
sheet
1 pm syringe
PDMS
elastomer PDMS
hemisphere
Poly(styrene)
petri-dish
Figure 4.02. Experimental arrangement for making commercial PDMS hemispheres.
The use o f hemispherical PDMS lenses for adhesion studies has been reported in the 
literature by various authors58,62*65.
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4.2. FORMULATED SILICONE ELASTOMER, MODEL 
PDMS
During XPS analysis o f plasma treated commercial PDMS, there was difficulty in 
identifying the plasma modified components from the M/Q resins already present. 
Therefore, a model silicone elastomer containing no M/Q resins was developed. The 
M/Q resins in commercial PDMS are added to improve the general mechanical and 
optical properties o f the elastomer. The formulation without the M/Q resins was thus 
very brittle and yellowish in colour compared with the flexible, colourless characteristics 
of the commercial PDMS.
In the new formulation, designated FZ, the crosslinker is composed o f 20 molecules long 
Si-H that tie up the vinyl groups o f the polymer. The basic polymer formulation used to 
make the model PDMS is detailed below, Table 4.01.
Table 4.01. Model PDMS formulation composition.
Structure Weight (g) Function
Mvi -  Dm -  Mvi 100.00 Polymer
CH3|
CHs —  CH —  CH2— C — C = C  — H 
| |
0.150 Inhibitor
CH3 CH3
m - d 20h - m 0.702 Crosslinker
Pt4+ 1.730 Catalyst (lOOppm)
The protocol for making the model PDMS is similar to that o f commercial PDMS. 100 
grams o f the polymer is weighed. The inhibitor is added and mixed well with the 
polymer. The crosslinking agent is then added to the formulation and the mixture 
stirred. At this point, the mixture may be stored, since the platinum catalyst has not been 
added. Once the catalyst is mixed with the rest of the components, in a dropwise
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manner, the pot life o f the formulation is 8 hours at 40°C. Typical curing o f the 
formulation is 30 sec at 120°C or 2 hrs at 70°C.
5 pm thick model PDMS films were made using the same procedure described for 
commercial PDMS, employing a wire-bar coater and an aluminium foil substrate.
4.3. ADHESION STUDY
4.3.1. Introduction
The meaningful and systematic execution of an adhesion study requires the following 
stringent conditions. First, the surfaces o f the deformable test material must be very 
smooth and homogeneous. It must be possible to cast them into spherical or 
hemispherical shapes and, in order to vary their constitutive properties, it should be 
possible to modify their surfaces chemically without affecting their other physical 
properties. Carefully prepared commercial PDMS hemispheres meet these 
specifications. The most familiar application o f plasma treatment o f polymers is to 
improve the bondability o f polymers to dissimilar materials whilst producing no change 
in their bulk properties.
Adhesion testing procedures in the literature include those o f Johnson et al66 and 
Chaudhury and Whitesides55. In the former work, solid-solid deformation induced by 
the action o f surface forces was successfully modelled first by Johnson, Kendall and 
Roberts (JKR), where the authors pressed together two optically smooth, rubber 
hemispheres and measured the area o f contact as a function o f applied load. In the latter, 
the basic experiment was to bring a hemispherical lens and a flat sheet o f PDMS into 
contact, and then to measure the resulting deformation under controlled loads. In these 
experiments, the authors assumed that there were no pull out forces involved and the 
adhesion was reversible.
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The adhesion achieved between a plasma treated commercial PDMS hemisphere with a 
base diameter o f 16 mm, and a similarly plasma treated glass slide substrate is not 
reversible. In fact, adhesion remains even after weeks following the plasma treatment, 
rendering the JKR model not relevant for this study. Therefore, a simple experimental 
arrangement was developed by the author using a modified JKR approach55 to quantify 
the adhesion properties o f plasma treated commercial PDMS hemispherical lenses, 
where a load was applied for a period of time, and the resulting non-reversible area of  
contact measured after the load was removed. The detailed experimental set-up o f this 
modified JKR approach is explained in the following section.
4.3.2. Test Configuration and Load Determination
The adhesion procedure was carried out on the plasma treated commercial PDMS 
hemispheres sandwiched between two plasma treated glass slide substrates. The glass 
slides used were pre-cleaned Superior Marienfeld micro slides with finely ground edges, 
with dimensions of 75 x 25 x 1 mm. The adhesion procedure between the plasma 
treated PDMS hemisphere and the plasma treated glass slide was performed within 5 
minutes o f the treatment.
A load of 13 N was applied to the hemisphere and the substrate for 60 seconds by means 
of a Bulldog clip. The schematic of the set-up is shown in Fig. 4.03. 1.33 kg were 
needed to open the clip to the desired distance, and therefore, using Hooke’s law, it was 
determined that a load of 13 N was transferred by the Bulldog clip.
Figure 4.04 shows photographs taken o f the adhesion study set-up, side and top views, 
with the Bulldog clip in place.
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13 N
Glass slide
Contact area diameter
PDMS
hemisphere
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Figure 4.03. Schematic o f the adhesion study experimental set-up, showing the glass 
slides, commercial PDMS hemisphere, 13 N  load and the resulting contact area
diameter.
Figure 4.04. Adhesion procedure between the commercial PDMS hemisphere and glass 
substrate under loading by the bulldog clip. Side and top views.
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The average contact area diameter that the 13 N created was 7.5 mm. Using P=F/A, 
where F  is the force, 13 N, and A the area (A = t i t 2)  a pressure of 0.28 MPa was applied 
by the bulldog clip. This pressure value was validated by Pressurex® film by Sensor 
Products Inc67, with values between 0.25 and 0.30 MPa. Only the single, calibrated 
Bulldog clip was used throughout the adhesion study.
fit) • •Pressurex is a Mylar film containing a layer of tiny microcapsules, Fig. 4.05. The 
application of force upon the film causes the microcapsules to rupture, producing an 
immediate and permanent high-resolution “topographical” image of pressure variation 
across the contact area. The colour intensity of Pressurex® film is directly related to the 
amount of pressure applied to it. The greater the pressure, the more intense the colour.
Cross section of Pressurex® film
Transfer Sheet __ Substrate(polyester film) 4 mils
oooooo^^^ooooooo--- Microcapsuie layerWJWumm --- Color developing layer
__ Substrate(polyester film) 4 milsDeveloper Sheet
Figure 4.05. Cross section o f Pressurex® film 61.
4.3.3. Contact Area Diameter
After the 60 seconds of 13 N loading the bulldog clip was removed and the system 
allowed to reach equilibrium for 18 hours. Contact area diameter equilibrium studies 
were performed to determine the time needed for the system to achieve equilibrium. 
Furthermore, the loading time of 60 seconds was found to be adequate, as further 
increases in the loading time, up to 18 hours, did not affect the contact area diameter, 
(described in Section 7.2.3.3). The resulting contact area diameter, Fig. 4.06, was then 
measured with a vernier calliper gauge.
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Contact Area Diameter
Figure 4.06. Contact area diameter resulting from adhesion between the plasma treated 
commercial PDMS hemisphere and glass slide after equilibrium.
4.4. EXPERIMENTAL DETAILS
4.4.1. Introduction
Previous sections of Chapter Three have introduced the theories and instrumentation of 
the techniques employed within this study, in a general way. The following section 
describes the specific details of the instrumentation used to obtain the results presented 
within this thesis.
4.4.2. Plasm a Treatment
Plasma treatment of the poly(dimethylsiloxane) was performed in a PlasmaPrep 100 
barrel plasma reactor manufactured by Nanotech, as shown in the photograph in Fig. 
4.07. The PlasmaPrep 100 is an inductively coupled plasma (four plates) system with an 
excitation frequency of 13.56 MHz and equipped with a cylindrical quart-made reaction 
chamber with a diameter of 98 mm and 150 mm long. Power was maintained at 10 W 
and the feed gas used for this study was laboratory air. Temperature and humidity were
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closely monitored and in the range of 22-25°C and 40-50 % relative humidity. The 
system was operated at a pressure of 0.16 mbar. Before treating the samples, the barrel 
was plasma cleaned for at least 5 minutes.
While the plasma is operated, ‘tuning’ is adjusted to keep the reflected power to a 
minimum, below 10% of the forward power. The reflected power is the power reflected 
back into the power supply due to a mismatch of the power supply impedance with the 
reaction chamber impedance.
Figure 4.07. PlasmaPrep 100 barrel plasma reactor used in the treatment o f  PDMS.
When the commercial PDMS hemispheres used for the adhesion study are treated, the 
hemispheres and the glass slide substrates are treated separately. Specimens for surface 
analysis are punched (1 cm diameter) from the poly(dimethylsiloxane) film coated 
aluminium films.
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4.4.3. Contact Angle Analysis
Contact angles and surface energy data were obtained using the sessile drop method with 
an Advanced Surface Technology Inc. video contact angle VCA2000 system. The 
sessile drop analysis was carried out using the manufacturer’s software, VCA version 
1.49. Three liquids were used to obtain the polar and dispersive contributions to the 
surface energy: water, di-iodomethane and hexadecane. These are tabulated in Table 
4.02.
Contact angle readings were taken immediately as the drop touched the PDMS surface 
and after 10 seconds. This was found to be enough time for the drop to stabilise, and yet 
before significant evaporation had taken place. 1.0 pi drop sizes were used for the 
contact angle analysis. All measurements o f plasma treated PDMS were taken 
immediately after treatment, unless otherwise specified, as for example in the aging 
experiments.
Table 4.02. Surface energy values for the liquids used in the contact angle analysis 
(units o f mJm )
Surface Energy YP Yd Y
Water 51.0 21.8 72.8
Hexadecane 0 27.6 27.6
Di-iodomethane 2.3 48.5 50.8
4.4.4. X-Ray Photoelectron Spectroscopy
The Thermo VG Scientific Sigma Probe spectrometer, Fig. 4.08, was employed in this 
study. Most o f the data presented here was acquired using the Al K a (1486.6 eV) twin 
anode, though in some instances, monochromated Al Ka and non-monochromatic Mg 
Ka were employed. The use o f non-monochromatic Al Ka provided further information
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on the S1KL2JL2J  Auger transition to determine the silicon Auger parameter, and in 
addition, reduced the effects of sample charging. The twin anode was operated at 300 W 
and the monochromated Al K a at 150 W. Analysis was carried out in the constant 
analyzer energy mode using 100 eV pass energy (1.0 eV step size) for survey spectra 
and 20 eV (0.1 eV step size) for high-resolution spectra.
VG Sdvn|i£w
Figure 4.08. Thermo VG Scientific X-ray photoelectron spectroscometer.
The direction of the photoelectron collection angle was 37°C to the sample surface and 
with an acceptance angle o f 60°, Fig. 4.09. Spectrum processing was carried out using 
the manufacturer’s standard software, Avantage v. 1.46. All measurements were 
repeated, at least in quadruplicate. Charge correction was determined from peak fitting 
of the C Is line with the C-Si component set at 284.4 eV39.
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60°
6  Sam ple surface w.
Figure 4.09. Photoelectron collection angle in the Sigma Probe XPS instrument.
There was a delay o f approximately 30 minute between plasma treatment and XPS 
analysis o f the plasma treated PDMS specimens. This was the time taken to load the 
samples in the fast entry chamber and allow the system to reach a chamber pressure 
below 10'8 mbar.
4.4.5. Time of Flight Secondary Ion Mass Spectrometry
Secondary ion mass spectra have been acquired using a VG Scientific type 32 system 
equipped with a double stage reflectron time o f flight analyser and a 30 keV pulsed 
gallium liquid metal gun, illustrated in Fig. 4.10.
Data was acquired using a Kore TDC, and a PC based system with GRAMS/32 software 
for acquisition and data processing. The conditions used for analysis were set to ensure 
that the total ion dose was well below that required for static SIMS, i.e. 1013 ions cm-2, 
and the static spot was rastered over an area 500 pm square. Typical operating 
conditions were as follows: 20 keV 69Ga+ ions, 1 x 106 number o f cycles, pulse width 
from 10-25 ns, flood gun filament current 0.1 mA. SIMS spectra were acquired over a 
mass range of 1 to 300 Da in both the positive and the negative modes.
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VG IONEX 
ToFSlWS
Figure 4.10. VG Reflectron time o f flight secondary ion mass spectrometer
4.4.6. Atomic Force M icroscopy
AFM images were obtained using a Digital Instruments Nanoscope III Multimode AFM 
using tapping mode in air. Stiff silicon levers were used (above 10 N m '1) and were 
specially manufactured for tapping mode AFM by NT-MDT.
The study of the adhesion properties of plasma treated commercial PDMS was 
conducted using an atomic force microscope (AFM Explorer by manufacturer 
Topometrics). This investigation comprised two studies, the first part was carried out 
using bare AFM cantilever tips and the second part o f the study was carried out using 
attached glass ballotini particles.
For the first part o f the investigation, the AFM cantilever tips were used as received 
without any prior preparation. The commercial PDMS samples were tested with a 
different cantilever tip to eliminate any ambiguities with data interpretation and sample 
contamination. The dimensions of the tips were characterized using high resolution 
scanning electron microscopy (SEM) to obtain the spring contact using classic beam
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theory. Further SEM images o f the AFM tips were taken after
experimentation to ensure that no damage had occurred to the tips in the course of the 
adhesion studies.
In the second part o f the study, single glass ballotini particles, with diameters ranging 
from 12 to 20 pm, were attached to the underside o f a bare AFM cantilever tips using a 
commercial two-part epoxy resin (Araldite). This is the technique adopted by Tyrrell 
and Cleaver69. Manipulation of the particle was performed using a hydraulic 
micromanipulator. The glass ballotini particles were soaked in isopropyl alcohol for 24 
hours and then dried to remove any surface contamination on the particles. The attached 
particles and the cantilever tips were then individually plasma treated for 60 seconds and 
10 W prior to the study to remove any further contamination from the particles. Fig. 
4.11 shows an SEM image of a glass ballotini particle attached to cantilever.
Figure 4.11. SEM image o f a glass ballotini particle attached to a cantilever tip
Before the adhesion tests were carried out, the relationship between piezo displacement, 
in nm, and deflection of the cantilever, measured in nA units, was measured using a rigid 
silicon sample. This value of nA/nm is then used in the analysis of acquired force-
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distance curves o f either a bare tip or an attached glass ballotini interacting with 
commercial PDMS. Force curves were acquired at a sampling speed o f 0.1 pms'1 to 
minimise noise.
4.5. CONCLUDING REMARKS
The previous chapter, Chapter 3, has introduced the theories and experimental 
techniques used in the characterisation o f plasma treated surfaces. The current chapter 
has described the preparation o f the two types o f poly(dimethylsiloxane) material used 
throughout this thesis, (model and commercial PDMS), and outlined the experimental 
details o f the surface analysis equipment and adhesion study used to study the plasma 
treated surfaces.
Prior to studying the effect of plasma treatment on poly(dimethylsiloxane) surfaces, in 
the following chapter, the plasma generated in the unit used, PlasmaPrep 100 needs to be 
first fully analysed and characterised with the use o f optical emission spectroscopy, 
OES.
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Chapter Five
Plasma Treatment
5.1. INTRODUCTION
The use o f plasma treatment to increase the wettability o f polymers has been known for
7 0a considerable time . Plasma treatment of polymeric materials can be used to improve 
many surface and other properties, such as optical reflection, adhesion, friction 
coefficient, surface energy, permeability and bondability o f polymers to dissimilar 
materials whilst producing no change on their bulk properties. Silicones, particularly 
poly(dimethylsiloxane), have featured significantly in various investigations. In papers 
in the published literature on this topic, by far the most widely studied process parameter 
is the comparison o f different reacting gases and their effect on surface chemistry. 
However, it is difficult to compare results reported in the literature by different 
researchers. The results obtained are highly dependent on the structure o f the material 
and its composition, the distance between the electrodes and the polymer surface, the 
nature and intensity of the plasma, the gas (composition and pressure), and the exposure 
time.
This chapter, divided into two sections, aims to characterise the plasma generated in the 
system employed throughout this study, the PlasmaPrep 100. The first section will 
present a series of studies carried out to verify that the plasma generated in the 
PlasmaPrep 100 is isotropic and homogeneous. The analysis is carried out using the 
methodology o f the adhesion study described in Chapter 4.3. The second section o f the 
Chapter evaluates the plasma generated from the PlasmaPrep 100 system with an empty 
chamber and when PDMS samples are being plasma treated. A brief introduction to 
molecular spectroscopy and optical emission spectroscopy is also included in this 
section.
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5.2. HOMOGENEITY OF THE PLASMA TREATMENT
5.2.1. Location of Specimen in Chamber
The PlasmaPrep 100 internal chamber dimensions are 98 mm in diameter and 150 mm in 
length. For this part o f the study, the PDMS test hemisphere is placed in five positions 
along the length o f the chamber, identified as 1 to 5, and A to D in the cross section. 
The positions are schematically represented in Fig. 5.01.
15 cm
14cm
10.5cm
7.5cm
4.5cm
lcm
1 cm
4.5 cm
Figure 5.01. Positions 1-5 along the length o f the chamber, and A-D in the cross-section
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The adhesion study protocol has been used, with 16 mm base diameter commercial 
PDMS hemispheres. The hemispheres and the glass slide substrates were plasma treated 
for 60 seconds, 10 W power and loaded for 60 sec with 13 N. The contact area 
diameters were measured after 18 hours. The results are shown in Table 5.01 below. 
All tests have been repeated in triplicate with three repeated runs.
Table 5.01. Effect o f location in the plasma chamber on the adhesion o f  plasma treated
commercial PDMS hemispheres.
Location Contact Area Diameter (mm)
In Chamber 1st 2nd 3rd Mean Std Dev
A l 7.25 7.20 7.30 7.25 0.05
A2 7.00 7.10 7.10 7.07 0.06
A3 7.15 7.05 7.20 7.13 0.08
A4 7.00 7.15 7.10 '  7.08 0.08
A5 7.40 7.25 7.35 7.33 0.08
B1 7.35 7.30 7.35 7.33 0.03
B3 7.30 7.30 7.25 7.28 0.03
B5 7.50 7.55 7.45 7.50 0.05
C l 7.20 7.30 7.20 7.23 0.06
C3 7.25 7.20 7.20 7.22 0.03
C5 7.25 7.25 7.30 7.27 0.03
D1 7.30 7.30 7.40 7.33 0.06
D3 7.20 7.25 7.30 7.25 0.05
D5 7.15 7.20 7.20 7.18 0.03
The average > contact area diameter between the various locations is
7.29 ± 0.22 mm, which is a standard error in the mean o f less than 3%.
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5.2.2. Number of Specim ens in Chamber
A number (1 to 15) of commercial PDMS hemispheres were placed inside the plasma 
chamber, as illustrated in Fig. 5.02. The bird’s eye view shows the location of the 
plasma treated hemisphere tested for this investigation. The adhesion study parameters 
are those described above in Section 5.2.1. New hemispheres were used for each 
experiment.
Test
7  5 cm hemisphere
^  9.8cm ►
7.5cm
Test
hemisphere
15cm
Figure 5.02. Location o f the test hemisphere in the study o f number o f specimens in
plasma chamber
Table 5.02 tabulates the contact area diameter of the hemispheres 18 hours after loading 
for 60 sec, 13 N. The contact area diameter varies by 1.66 %, or 7.25 ±0 .12  mm. Fig 
5.03, with the appropriate error bars, shows these results, graphically. This result is 
comparable to the margin o f error obtained in the previous section investigating the 
effect of number of samples in the chamber.
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Table 5.02. Effect o f the number o f specimens in the plasma chamber on the contact 
area diameter o f  plasma treated commercial PDMS hemispheres.
No of Samples Contact Area Diameter (mm)
In Chamber 1st 2nd 3rd Mean St Dev
1 7.15 7.05 7.2 7.13 0.08
3 7.2 7.35 7.3 7.28 0.04
5 7.4 7.4 7.3 7.37 0.05
7 7.1 7.3 7.25 7.22 0.04
10 7.3 7.35 7.3 7.32 0.03
15 7.2 7.15 7.3 7.22 0.08
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Figure 5.03. The effect o f the number o f samples on the contact area diameter.
These investigations have established that the plasma generated in the PlasmaPrep 100 
system is both isotropic and homogenous, and provide a uniform level o f treatment 
irrespective o f the number of samples placed in the plasma chamber or the location of 
these samples. The following section will continue characterising the plasma generated 
from the optical emission generated.
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5.3. ANALYSIS OF PLASMA ENVIRONMENT
5.3.1. Introduction
Optical emission spectroscopy (OES) offers the possibility o f obtaining information of 
plasma conditions from its emitted light using the radiation from atoms and molecules. 
Atoms and their ions can have electronic transitions in the ultraviolet and visible spectral 
region. For molecules, this mainly holds for di or tri atomic molecules, since transitions 
between vibrational and rotational levels can occur. In larger molecules, electronic 
transitions do not occur, and hence their emissions are found in the infrared spectral 
region71.
The spectrum of a specific species is unique because the electronic structure o f each 
species is unique. Therefore, light-emitting species can be identified clearly from the 
spectra. The intensity of the radiation can be used to determine plasma parameters such 
as particle number densities, ionisation degree and electron temperature.
5.3.2. A Brief Review of Plasma Optical Emission 
Spectroscopy
Light detected by a spectrometer using either lenses or fibre optics is always a line- 
integrated quantity. All radiation, which is emitted along the line o f sight o f the optical 
set-up, is detected by the spectrometer system, and thus contributes to the measured 
signal. All plasma parameters determined from the measurement are mean values over 
the line o f sight.
The radiation from atoms and molecules in low-pressure plasma can be described by the 
so called ‘corona model’, Fig. 5.04: a particle is excited from the ground state to an 
excited state by electron impact excitation. The excited state depopulates by 
spontaneous emission and the emitted radiation is detected by the spectroscopic system.
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level m
spontaneous
emission
electronic excitation
level j
i possible levels
ground stateno
Figure 5.04. The corona model (courtesy o f Plasus74)
In low-pressure plasmas, the mean free path o f heavy particles (atoms, molecules and 
ions) is often as long as the plasma chamber dimensions, therefore collisions between 
heavy particles can be neglected for excitation processes.
The formula for the detected intensity of the emitted line is:
-f/w km ‘ ftO ' We' brmk ’ Xom (Te)  (EQ. 5.01)
Where:
Im = detected intensity,
km = wavelength dependent calibrations factor, depending on system, 
no = number density of particles in ground state, 
ne = electron number density, 
brmk = branching ratio, and
Xom (Te)  = excitation rate coefficient, depending on electron temperature.
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The branching ratio is the ratio o f the radiation o f a single line to the overall radiation of 
all possible lines from level m:
n (Eq. 5.02)IX,
where Am>t is the transition probability o f transition form level m to k.
The excitation rate coefficient Xom (Te)  for a level can be calculated from the cross 
section and energy distribution function o f the electrons:
Eg = excitation energy of level m from ground state 0, 
oom (E) = cross section from electron impact excitation, and 
f(E) = energy distribution function of the electrons.
The higher the excitation energy of a level, the stronger the dependence o f the excitation 
rate coefficient on electron energy, i.e. electron temperature, especially at low values of  
electron temperature.
For the analysis o f particle densities, the intensity ratio o f spectral lines from different 
species can be used. For helium and argon, Eq. 5.01 becomes:
The electron density is no longer needed and the calibration factors need only be 
determined once for the spectroscopic system. The ratio o f the excitation rate coefficient 
is a function of electron temperature from the atomic or molecular constants o f the 
species. A method called actinometry can be used for the determination o f the ionisation 
degree. In actinometry, the argon density is first determined. This is then followed by
°fl2E
* _ ( * ) =  k „ ( E ) J  f(E )d E
I
(Eq. 5.03)
n H e  _  ^ A r  H e ^ A r  ( ^ g )
U A r ^ H e  A r ^ H e  ( ^ )
(Eq. 5.04)
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an introduction o f 1 % argon, which will change the ion density. If a particle number 
density o f one species is known, e.g. from Daltons Law of partial pressures, the other 
particle number density can be determined. The method is called actinometry. For N2 
Equation 5.04 can be written as:
n( N2) I ( N 2) k X NATe)
Once all these values have been determined and are known, the intensity o f the radiation 
can be used to determine plasma parameters such as particle number densities, ionisation 
degree and electron temperature, from the spectra obtained.
Several texts exist dealing with the theory o f molecular spectra and some have included 
collections of molecular constants from the analysis o f such spectra, yet it is still 
necessary to search through original papers or to calculate the positions o f bands from 
the tables o f derived constants in order to identify a given system of bands. Pearce and
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Gaydon constructed tables with the aim of facilitating the identification o f molecular 
spectra and provide a clue to the identity o f an unrecognised system. This task, 
however, is usually tedious and sometimes impossible for one without considerable 
knowledge and experience.
In this study, therefore, the identification process for the determination o f plasma species 
was carried out using the PLASUS74 SpecLine software, which includes an extended 
database for atoms, molecules and ions.
5.3.3. Spectra from Atoms and Molecules
Spectra obtained from atoms are line spectra, since each electronic transition results in a 
single spectral line, Fig. 5.05. The possible degeneration o f a level leads to more than a 
single line. However, this separation can only be observed with high-resolution systems.
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Spectra from molecules may look different because each electronic level consists of 
several vibrational levels. The energy difference between neighbouring vibrational 
levels is quite large so lines from these levels are separated by several nanometers. The 
transitions between vibrational levels are called bands and they are denoted by their 
quantum number v.
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Figure 5.05. Identification ofplasma species from an example spectrum o f an AWCH4
plasma (courtesy o f  Plasus14)
Furthermore, vibrational levels consist also of several rotational levels. The spectral 
lines from transitions between rotational levels are less widely separated than the 
vibrational bands. They resemble the appearance of vibrational bands in the spectra 
within a few nanometres.
Using a spectroscopic system with a spectral resolution of a few nanometers, the 
rotational lines are not separated in the spectra. However, the appearance of a 
vibrational band is like an atomic line with an extended edge on one side, Fig. 5.06.
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Since vibrational bands can be clearly identified in the spectra, a molecule transition is 
denoted by the electronic and vibrational levels involved. For example, N 2 C-B 1-0 
denotes the transition o f molecular nitrogen from the second vibrational level, v = 1 of 
the third excited electronic level C to the first vibrational level v = 0 o f the second 
excited electronic level B. The electronic structure o f the levels is given in a similar way 
as for atoms but with Greek capital letters for the main quantum number. The complete 
expression o f the example transition given above is therefore, N 2 C3 IIU -  B3 n g 1-0.
1200
o
M 1000
372 374 376 360 362 364
Figure 5.06. Identification ofplasma species from an example spectrum o f  an N2 plasma
(courtesy o f Plasus14)
If the electronic structure of a molecule is more complex, e.g. in three or more atomic 
molecules, the spectra may appear even more varied. The ease o f determining whether 
radiation is atomic or molecular in origin is very useful in the identification o f species in 
spectra.
121
Chapter Five: Plasma Treatment
5.3.4. Identification of Plasma Species from Spectra of 
an Empty Plasm aPrep 100 System
The spectrum in Fig. 5.07 was obtained from a discharge in the empty PlasmaPrep 100 
system using laboratory air as the process gas at 150 mTorr pressure and 10 W input 
power. The radiation originates mainly from molecules since the lines do not have 
symmetrical shape as discussed earlier, using Fig. 5.06.
8000
—  Empty C ham ber (UV and visible).txt
6000
E
eg 4000 o>W
2000
200 400 800
Figure 5.07. Spectra obtained from an air-plasma in the empty PlasmaPrep 100 system.
The spectra were recorded using an optical emission spectrometer system, Avantes72 
AVS-MC2000 and the manufacturer’s software AvaSoft v. 5.1 (2002 Avantes).
As laboratory air was used as the process gas, it is to be expected that mainly nitrogen 
and oxygen would contribute to the discharge. In Table 5.03, some molecular constant 
of N2 and O2 are listed.
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Table 5.03. Molecular constants o fN 2  and O2
n 2 0 2
Ionisation energy (eV) 15.6 12.1
Dissociation energy (eV) 7.4 5.1
Energy of excited levels (eV) 6-12 4-9
It is to be expected that N 2 and O2 bands appear in the spectra. Since air contains more 
nitrogen than oxygen, the majority of the radiation is likely to be from nitrogen. The 
ions of the plasma will be formed also mainly by molecules (N2+, 02+). Atomic ions will 
play a minor role since for the formation of these ions, the molecules must first 
dissociate before the atoms can be ionised.
Fig. 5.08 shows the bands identified by the PLASUS1a SpecLine software for the empty 
chamber.
8000
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Figure 5.08. Identification o fN 2 (in green) and O2 (in red) bands (overview) from
spectrum obtained from an air plasma in the empty PlasmaPrep 100 system.
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The bands can be assigned to the following transitions:
N 2 = around 400 nm: 
around 700 nm: 
N2+ = around 380 nm: 
O2 = around 350 nm: 
02+ = around 700 nm:
N2 c 3n u- B 3n g 
N2 B3n g- A 3 Xu+ 
n 2+ b 2 Xu+ -  X2 x g+ 
0 2B3Xu' -  X3 Xg‘ 
0 2+ b4 Xg' -  a4 n„
Figures 5.09 and 5.10 are expanded sections o f the overview spectrum in order to 
appreciate identification o f individual bands in greater detail.
Bands labelled ‘N 2 and O2 could not be either identified and the band assigned with 
certainty or both molecular bands were overlapping.
There are only a few prominent atomic nitrogen and oxygen lines in this spectrum. In 
addition, due to the low degree of dissociation, the atomic lines do not appear in the 
spectrum. The prominent atomic transitions o f N and O are around 818 and 111 nm, 
respectively.
The spectrum obtained is typical o f an N 2/O2 low-pressure plasma generated by RF 
excitation. The plasma electron temperature and ionisation degree are low in these types 
of plasma. The mean free paths o f the heavy particles (molecules, atoms and ions) in the 
plasma are comparable to the internal dimensions o f the plasma chamber, and therefore, 
heavy particle collisions dominate the plasma dynamics. Since for the formation o f  
atoms, additional dissociation energy is needed, the N 2 and O2 molecules and their ions 
will be the main particles in the plasma. The atoms play a minor role.
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Figure 5.09. Identification o fN 2 and O2 bands (zoomed).
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Figure 5.10. Identification o fN 2 and O2 bands (zoomed).
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5.3.5. Identification of Radiation from Spectra of the 
Plasm aPrep 100 System Charged with the Model PDMS
The spectrum in Fig. 5.11 was obtained from a discharge in the PlasmaPrep 100 system 
with the model PDMS (FZ) specimen in the plasma chamber. The discharge parameters 
were the same as for the empty plasma chamber. Figure 5.11 gives a comparison of both 
spectra.
FZ (UVand Vsible).txt
Empty Chamber (UVand visible).txt
7000
6000
5000
5*
_  4000S9>W
3000 New bands
2000
1000
200 400 800
Figure 5.11. Comparison o f spectra obtained from an air-plasma in the PlasmaPrep 
100 system with and without the model PDMS
The N2 and O2 bands have almost the same appearance and intensity in both spectra. 
This leads to the conclusion that the bulk plasma is not affected by the model PDMS 
specimen. However, some molecular bands arise around 500 nm. These bands can be 
assigned to carbon monoxide, which is shown in Figure 5.12.
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The oxygen bands originate from the prominent transition:
CO = around 550 nm: CO B 1 -  A1 n
Since carbon monoxide can only originate from the substrate, some surface reactions 
might have taken place.
8000
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Figure 5.12. Identification ofplasma species from  spectrum obtained from  an air- 
plasma with model PDMS in the PlasmaPrep 100 system.
5.3.6. Radiation from Commercial PDMS
The spectra obtained when the PlasmaPrep 100 was loaded with commercial PDMS 
were similar to those obtained with an empty chamber. The spectral region 470 to 570 
nm was enlarged to determine whether the carbon monoxide bands appearing with 
plasma treated model PDMS were also present in commercial PDMS, Fig. 5.13. The 
spectra for the empty chamber and commercial PDMS are very similar.
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Figure 5.13. Enlarged spectra o f  the commercial PDMS, model PDMS and empty 
chamber to identify carbon monoxide bands.
There is no evidence of carbon monoxide bands appearing when the commercial PDMS 
is plasma treated. The origins o f the carbon monoxide species, which have evolved from 
the plasma treatment model PDMS and not from the commercial PDMS are not fully 
understood. However, these results are consistent with preliminary work carried out by 
Bhukandas Parbhoo (Dow Coming Corporation) with poly(dimethylsiloxane) polymers. 
The spectra obtained from these polymers showed the presence o f similar carbon 
monoxide bands at a much larger intensity than those of model PDMS. The significance 
of these results and the will be further discussed in Chapter 8.
5.3.7. Summary
The OES spectra obtained from discharges in air in the PlasmaPrep 100 system are 
typical for low-pressure plasmas generated by RF radiation: the electron temperature of 
the bulk plasma will be in the range of some electron volts, the degree of ionisation will 
be less than 1% and the degree of dissociation will be a few percent. Therefore, the
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discharge is dominated by N 2 and O2 molecules and their ions. This is reflected in the 
strong appearance o f prominent N 2 , N2+, O2 and 0 2+ bands in the spectra.
Atomic lines from nitrogen and oxygen could not be detected due to the low densities of 
the species, i.e. the low degree o f dissociation.
The spectrum obtained from a similar discharge with the model PDMS specimen in the 
plasma chamber is almost the same as the spectrum produced by the discharge in an 
empty plasma chamber. However, some additional bands arose which can be attributed 
to carbon monoxide. Since carbon can only emerge from the substrate, surface reactions 
must have taken place.
To obtain plasma parameters such as particle densities or ionisation degrees (see Eq. 
5.04) systematic investigations must be carried out. These investigations should include 
pressure and input power variations as well as discharges in different gases and gas 
mixtures, especially with rare gases such as argon and helium, which are commonly 
used for diagnostic purposes.
For investigations o f plasma surface effects, the experimental setup should probably be 
modified such that the line o f sight o f the spectroscopic system passes the plasma a few 
millimeters above the surface o f the specimen. This enables as much light as possible to 
be collected from particles near the specimen surface, which have the higher densities.
5.4. CONCLUDING REMARKS
In this chapter, the nature o f the plasma generated from the PlasmaPrep 100 system has 
been characterised. The first section o f the investigation has established that the number 
and location o f the specimens within the chamber have no effect on the nature o f the 
plasma, or more importantly, the extent o f surface treatment o f the PDMS that is 
achieved. It can be concluded that the plasma generated is both isotropic and 
homogeneous.
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The optical emission spectroscopic analysis o f the plasma shows that the plasma 
generated in the PlasmaPrep 100 using laboratory air is typical for low-pressure plasma 
generated by RF heating and that the discharge is dominated by N2 and O2 molecules 
and their ions. Additional bands, which can be assigned to carbon monoxide, were 
generated when the model PDMS was plasma treated. No carbon monoxide bands were 
detected neither with an empty plasma chamber nor with the commercial PDMS.
Now that the plasma generated in the PlasmaPrep 100 has been analysed, the 
poly(dimethylsiloxane) specimens will be plasma treated, and the results presented in the 
following chapter, Chapter 6, divided broadly into two sections. The first section deals 
with the characterisation of the ‘as received’ PDMS specimens, with the XPS peak 
fitting recipes o f the C ls and Si2p spectra been a major part this section. This is then 
followed by the results o f the plasma treated PDMS specimens, and the effects o f plasma 
exposure on the surface modifications taking place on the treated specimens. This 
section also includes the development o f a novel approach to classify C ls XPS spectra 
using artificial neural networks and a degradation study to determine the effect o f soft X- 
rays on PDMS during XPS analysis (X-ray-induced degradation).
130
Chapter Six: Characterisation of Plasma Treated PDMS
Characterisation of Plasma Treated 
PDMS
6.1 INTRODUCTION
The main objective o f the research described in this thesis is the study of 
poly(dimethylsiloxane) plasma treated for enhanced surface properties. The techniques 
and equipment used to characterise these surfaces have been introduced and described in 
the previous Chapters. The ‘as received’ PDMS films on aluminium discs, prepared as 
described in Sections 4.1 and 4.2, were first analysed by XPS. The following section 
will present the XPS results obtained from the model PDMS, and this benchmark data is 
compared to the more complex, commercial, PDMS. ToF-SIMS provides information 
on the molecular structure at the surface of the PDMS, whereas the three dimensional 
topographical imaging is achieved with the use o f AFM. Contact angle measurements 
were also carried out to determine the surface energy o f the PDMS specimens. These 
techniques are used to fully characterise the ‘as received’ PDMS specimens prior to the 
study o f the plasma treated samples.
The plasma treated specimens are analysed in a similar way using the above techniques, 
and the differences between the ‘as received’ and the plasma treated recorded as a 
function o f treatment time. This section also includes the development and use o f an 
artificial neural network for the examination o f C ls XPS spectra as a means of 
classifying a large number of very similar spectra, and the effect o f X-rays on the 
degradation o f poly(dimethylsiloxane) specimens.
The results presented in this Chapter are discussed in more detail in Chapter 8, in 
conjunction with the surface force measurements using glass ballotini particles attached
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to the underside o f AFM cantilevers and the empirical results obtained from the 
adhesion study in Chapter 7.
6.2. ‘AS RECEIVED’ POLY(DIMETHYLSILOXANE) 
SPECIMENS
6.2.1. XPS Spectroscopic Characterisation
A poly(dimethylsiloxane) repeat unit, Fig. 6.01, has two carbon atoms, one oxygen and 
one silicon atom, and thus the theoretical atomic concentrations excluding hydrogen, 
which is not detected by XPS, is: C = 50%, O = 25% and Si = 25%,
The XPS survey spectra for the model and commercial PDMS specimens, obtained with 
aluminium X-rays from a twin anode X-ray gun, are shown below in Fig. 6.02. The 
advantages o f monochromated radiation compared to non-monochromated are well 
known, and are described in Section 3.2.3.1. However, non-monochromated A1 K a  
provides further information from the Si KL2JL2J, Auger transitions to determine the 
silicon Auger parameter, and in addition, reduces the effects o f sample charging that can 
occur with monochromated radiation.
The survey spectra for the model and commercial PDMS are very similar, with the 
atomic concentration o f Si2p around 21%. On closer inspection, the model PDMS 
atomic concentration is closer to the stoichiometric composition o f PDMS than the 
commercial PDMS, Table 6.01.
c h 3
3
Figure 6.01. Poly(dimethylsiloxane) repeat unit.
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Table 6.01. Surface composition (atomic %) o f the *as received ’ model and commercial 
PDMS.
Model PDMS Commercial PDMS
C ls 51.13 47.41
O ls 28.05 31.42
Si2p 20.81 21.17
180000
a) MODEL PDMS O ls160000
140000
C ls120000
OKLL100000
3 80000
Si2p60000
40000
20000
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160000
w 140000
J2 120000c
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Figure 6.02. XPS survey spectra fo r the ‘as received’ a) model PDMS, and b)
commercial PDMS.
Cls, O ls and Si2p high-resolution spectra were obtained, at a pass energy o f 20 eV. 
Prior to peak fitting, the peaks have been charge-corrected to the C-Si peak observed at 
284.4 eV39. The C ls and O ls of the model PDMS have been peak fitted with a single 
peak, Fig. 6.03. (a) and (b), respectively, with full width half maximum (FWHM) of
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1.39 eV. The C ls peak at 284.40 eV corresponds to the C-Si, and the O ls peak to the 
single chemical environment of the oxygen, the Si-0 bond, from the PDMS repeat unit.
180001-
Chi S qr=  109C1s16000-
14000
to 1 2 0 0 0 -
FW HM  = 1.39 eVw *+—*. 10000- 
Q  8000- 
6000- 284.40 eV
4000
2000
292 290 288 286 284 282 280 278 276 274 272 270
Binding Energy (eV)
Figure 6.03. a) C ls high-resolution spectrum o f  the ‘as received’ model PDMS
25000r
0 1 s Chi Sqr = 142
20000 -
FW HM  = 1.39 eV15000-
o  10000
532.07 eV
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540 538 536 534 532 530 528 526 524 522 520 518
Binding Energy (eV)
Figure 6.03. b) O ls high-resolution spectrum o f the ‘as received’ model PDMS
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The model PDMS is comprised of D units with M groups as the terminating, end-chain, 
groups, as described in the formulation composition in Table 4.02. The Si2p high- 
resolution spectrum can be peak fitted with a single peak, and this peak assigned to these 
D units (FWHM of 1.53 eV), Fig 6.04. The Si2p can be further peak fitted with the 
spin-orbit splitting of the Si2p, with a ratio of Si2p3/2 to Si2pi/2 of 2:1, as predicted by 
the electron population . The full width half maximum of 1.53 eV for the single D peak 
has been reduced to 1.20 eV for each component (2p3/2 and 2pi/2) of the spin-orbit 
coupling. As Fig. 6.05 shows, the quality of the peak fit improves and is comparable to
O Q
the data presented by Beamson and Briggs , Fig 6.06, using the Scienta ESCA300 
spectrometer, with a separation of 0.61 eV and FWHM of 0.88 eV. The peak shapes 
have been constrained to a Lorentzian-Gaussian mixture o f 30:70 (i.e. 30% Lorentzian 
and 70% Gaussian).
8000 r Si2p
7000 -
6000 - FW HM  = 1.53 eV
5000
§ 4000 - 
O
°  3000 -
101.88 eV
2000
1000  -
109 108 107 106 105 104 103 102 101 100 99 98 97 96
Binding Energy (eV)
Figure 6.04. Si2p high-resolution PDMS spectrum o f  the ‘as received ’ model PDMS
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Figure 6.05. Spin-orbit splitting o f the Si2p peak fo r the ’as received’ model PDMS.
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Figure 6.06. Spin-orbit splitting o f the Si2p peak fo r  PDMS from  the High Resolution
39XPS o f Organic Polymers .
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High-resolution spectra were obtained for the ‘as received’ commercial PDMS at a pass 
energy of 20 eV. The C ls and O ls were peak fitted with a single peak, following the 
peak fitting recipe for the model PDMS, Fig. 6.07 and 6.08, respectively.
18000r
16000- C 1 s
14000'
to 12000-
f  10000- 
Q 8000- 
6000”
FWHM =1.51 eV
284.59 eV
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2000
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Fig 6.07. C ls high-resolution spectrum o f the ‘as received’ commercial PDMS
30000r
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FWHM = 1.68 eV
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Fig 6.08. O ls high-resolution spectrum o f the ‘as received’ commercial PDMS
The FWHM for the C ls and O ls are broader for the commercial PDMS than for the 
model specimens (increasing from 1.39 eV to 1.51 eV for C ls and from 1.39 eV to 1.68 
eV for the O ls peak).
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In the peak fitting of high resolution XPS spectra, the chi square values, determined by 
the manufacturer’s software, can be used as an indication of the ‘goodness o f fit’, and is 
dependent on the number of channels, channel width and count rate. Chi square values, 
for the Si2p spectra described in this work, o f less than 100 are considered very good 
fits, with values between 100 and 200 as good. The chi square parameter is a statistical 
value that gives an indication of the goodness of fit o f a peak fit, however, the 
subjectivity, expertise and the ‘eye’ of the operator are essential when evaluating the 
quality of the peak fitting, as the examples below will show.
The commercial PDMS Si2p peak has been fitted with a single peak, with a FWHM of
2.19 eV. As Fig. 6.09 shows, the peak fit is poor (chi square value o f 819).
7000 r Si2p
Chi Sqr = 819
6000 -
5000”
FWHM = 2.19 eV
6  3000 -
102.22 eV
2000
1000
106 105 104 103 102 101 100 99
Binding Energy (eV)
Fig 6.09. Si2p high-resolution spectrum o f  the ‘as received ’ commercial PDMS
Following the peak fitting protocol for the model PDMS, fitting o f the spin-orbit 
splitting was carried out for the Si2p peak, Fig. 6.10. The FWHM was constrained to
1.20 eV. The peak separation was greater than the 0.64 eV obtained for the model 
PDMS, indicating the existence of further components within the Si2p peak. The 
resultant peak fit of Figure 6.10 is clearly unacceptable.
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Figure 6.10. Spin-orbit splitting o f the Si2p peak fo r  the ‘as received’ commercial
PDMS.
The following figures show the peak fitting that has been carried out on the commercial 
‘as received’ Si2p, assuming that all four of the M, D, T and Q units are present, varying 
the FWHM and the separation between the components. As mentioned in Chapter 4, 
commercial PDMS has the addition of M/Q resins, which give the additional strength 
and elasticity as compared to the model PDMS.
Fig. 6.11 shows the Si2p spectrum peak fitted with the 4 M, D, T and Q components of 
the Si2p peak at separations of 1.36 eV, and a FWHM of the components o f 1.50 eV, 
following the additive shift method, where an oxygen is added from M to D, a further 
one from D to T and Q with four oxygens. The Lorentzian-Gaussian mixture has been 
constrained to 30% in all peak fittings. The resulting fitting quality is not very good, as 
can be seen from the chi-Square value of 226. This fitting is improved if  the separation 
between components is reduced to 0.70 eV, maintaining the FWHM at 1.50 eV, Fig
6.12. The 0.70 eV separation between Si2p components is obtained from the peak 
fitting protocol o f the Si2p of ‘as received’ model PDMS, and is the minimum peak 
separation that is probable. Peak separation of 1.36 eV is the maximum, whilst 
obtaining a good peak fit.
FWHM = 1.2 eV 
2p 3/2 = 101.62 eV 
2p 1/2 = 102.90 eV
Chi Sqr = 3876
2p 1/2
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The peak fits of Figs. 6.11 and 6.12 have comparable chi square values (226 and 287, 
respectively). However, chi square values by themselves can be misleading. For 
examples, it is clear from looking at the peak fits, that Fig 6.12 (chi square = 287) is 
superior in quality to that of Fig. 6.11 (chi square =226), even though the chi square 
values imply otherwise. As mentioned earlier, the chi square values provide only an 
indication of the ‘goodness’ of fit, and the operator’s expertise and ‘eye’ are necessary to 
assess the quality o f the peak fitting.
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Chi Square = 2266000 -
5000 -w
2  4000 - c
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T = 23.8 % 
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Fig. 6.11. Si2p peak fitting with 4 components at a separation o f  1.36 eV and FWHM o f
1.50 eV.
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Fig. 6.12. Si2p peak fitting with 4 components at a separation o f  0.70 eV  and FWHM o f
1.50 eV.
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The separation between the M, D, T and Q components has been kept at 1.36 eV and
0.70 eV for the Si2p peaks above. With a mid-point separation o f 0.95 eV, the peak fit 
quality is improved, if  marginal, (chi sqr = 127) as can be seen in the next figure, Fig.
6.13.
7000r
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Fig. 6.13. Si2p peak fitting with 4 components at a separation o f  0.95 eV  and FWHM o f
1.50 eV.
In order to explore the quality o f the peak fit, the FWHM of the components was 
increased to 1.65 eV, maintaining the 0.95 eV separation. The chi square value has 
decreased, indicating a better goodness of fit, Fig 6.14, but at the expense of a broader 
FWHM for the components.
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Fig. 6.14. Si2p peak fitting with 4 components at a separation o f  0.95 eV and FWHM o f
1.65 eV.
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The following peak fitting protocols explore the possibility that the additive shift 
between the M, D, T and Q components may not be equal (i.e. 0.95 eV between 
components) with separations between M and D of 0.91 eV, 0.95 eV between D and T, 
and finally 1.0 eV between T and Q components. Fig. 6.15 shows this new peak fitting 
recipe with peaks having a FWHM of 1.50 eV. Similarly, two FWHM have been used, 
1.50 eV and 1.65 eV, Figs. 6.15 and 6.16, respectively. The chi square values have 
increased from those obtained in with component separations of 0.95 eV.
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Fig. 6.15. Si2p peak fitting with 4 components at a separation o f  0.91 eV (M-D), 0.95 eV  
(D-T) and 1.0 eV (T-Q) and FWHM o f  1.50 eV.
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Fig. 6.16. Si2p peak fitting with 4 components at a separation o f  0.91 eV (M-D), 0.95 eV  
(D-T) and 1.0 eV (T-Q) and FWHM o f 1.65 eV.
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The unresolved doublet of the M, D, T and Q peaks have been peak fitted with the spin- 
orbit splitting, with the theoretical ratio of 2p3/2:2pi/2 of 2:1 and FWHM of 1.20 eV, as in 
the ‘as received’ model PDMS peak fitting recipe. The following two peak fits show 
that the goodness of fit for the peaks separated at 0.95 eV following additive shift, Fig 
6.17, is better than the fit for peak separated at 0.91 eV, 0.95 eV and 1.0 eV between the 
different components, Fig. 6.18.
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Fig. 6.17. Si2p peak fitting with 8 components fo r  the spin-orbit splitting (separation o f  
0.95 eV between M, D, T and Q) and FWHM o f 1.50 eV.
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Fig. 6.18. Si2p peak fitting with 8 components fo r  the spin-orbit splitting (separation o f  
0.91 eV between M  and D, 0.95 eV between D and T and 1.0 eV between T and Q) and
FWHM o f  1.50 eV.
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The chi square values for the peak fit have increased from those with the unresolved 
peaks due to the extra peaks for the spin-orbit splitting (chi square values are a function 
of the number of degrees of freedom, i.e. increase the number o f peaks, increased 
degrees of freedom, and thus increased chi square value).
Finally, Fig. 6.19 shows the peak fitting protocol that will be adopted for XPS analysis 
of the Si2p spectrum, with the M, D, T and Q at equidistant separations of 0.95 eV, 
FWHM of 1.50 eV and a Lorentzian-Gaussian mixture of 30%. The individual Si2p3/2 
and Si2pi/2have a FWHM of 1.20 eV, Lorentzian-Gaussian mixture o f 30%, and a 2:1 
ratio between the 3/2 and the 1/2 peak.
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Fig. 6.19. Si2p peak fitting main M, D, T and Q components with their corresponding 
spin-orbit splitting at a constant separation o f  0.95 eV, and FWHM o f  1.50 eV  (image 
created by overlapping o f  Fig. 6.13 and Fig. 6.17)
Quantification from the peak fitting of the ‘as received’ commercial PDMS (Fig. 6.13)
shows that the Si2p peak is made up of 23.1 atomic percent of T component. However,
. . . .  , 
nuclear magnetic resonance ( Si NMR in quantitative mode) results carried at Dow
Coming show that T components only contribute to 1.0 % o f the total composition,
Table 6.02. The NMR results are in agreement with the theoretical composition o f the
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commercial PDMS, as the formulation o f the commercial PDMS has no addition o f T 
units by product design. However, NMR is essentially a bulk technique, whereas XPS is 
surface sensitive, and thus, this discrepancy is possible, and likely, due to surface 
segregation and re-orientation o f the group chains (flexible PDMS backbone) in order to 
reduce its surface free energy. Furthermore, since hydrogen cannot be detected by XPS, 
it is proposed that component T is equal, spectroscopically, to D0H, which is essentially 
a D component with one o f its methyl groups replaced by a hydroxide group. The 
equivalence o f O-Si-O with O-Si-OH is not absolute, but in XPS terms, the difference is 
very small, and even smaller when non-monochromated A1 Ka radiation is used, as was 
the case in this study. Therefore, within the atomic percentage o f T component, there is 
also Doh. The model used to explain the higher than expected T component in the 
surface o f the ‘as received’ commercial PDMS, and decrease in the D units will be 
explained further in Chapter 8.
Table 6.02. Atomic percentages o f the ‘as received * commercial PDMS, as determined 
by XPS and NMR.
Si2p component XPS NMR
M 8.1 14.0
D 58.9 62.0
T 23.1 1.0
Q 9.9 23.0
Note that the atomic percentage of the Q component, as determined by XPS, is lower 
than that calculated by NMR. This is because o f the surface analytical nature o f the XPS 
technique and the fact that the majority o f the Q components will be found in the bulk o f  
the material, i.e. Q component is the crosslinking component, silicon with four oxygens.
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6.2.2. ToF-SIMS Spectroscopic Characterisation
Time-of-Flight SIMS analyses were carried out on the ‘as received’ commercial PDMS 
specimens, as described in section 4.4.5, using the ToF-SIMS system equipped with a 
reflectron mass spectrometer. The positive and negative spectra obtained are shown in 
Fig. 6.20 and 6.21, respectively. The main PDMS peaks in the positive are 28, 43, 73, 
147 and 221, Table 6.03. The ion fragments in the negative spectra o f PDMS can be 
identified as 16 (O'), 17 (OH'), 28 (Si'), 59 (CH3SiO‘), 60 (S i02‘) and 75 (CH3S i02').
Table 6.03. Poly(dimethylsiloxane) characteristic positive fragments.
Mass Fragment Ion Structure
28 Si+
43 CH3Si+
73 C3H9Si+
c -
+ s
Cl
13
------CHs
ds
147 C5Hi5OSi2+
c
C H 3------5
c
3 s  c
>i------0 -------S
Hs C
Hs 
i +
He
221 C7H210 2Si3+
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C
33 C
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Hs C
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Fig. 6.20. Commercial PDMS positive spectra with expanded region.
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Fig. 6.21. Commercial PDMS negative spectra with expanded region.
The ion fragments in the positive spectra of the commercial PDMS have been identified 
further, and the following spectra (including higher mass resolution spectra) show the 
nominal mass and the corresponding ion fragment, Fig. 6.22.
From the identification o f the mass fragments present in the positive spectra for 
commercial PDMS, it can be seen that the characteristic PDMS fragments (m/z = 73 and 
147) are present, together with hydrocarbon fragments.
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Fig. 6.22. PDMS positive spectra (with higher mass resolution spectra), with ion
fragments and nominal mass
The ToF-SIMS system equipped with a reflectron mass spectrometer from VG has a 
mass resolution o f > 3000 at mass 28, with a pulse width o f 10 ns, 
(mass resolution = m/Am). For this study, pulses o f 20 ns were employed to ensure 
good sensitivity. Identification of fragments in the ‘as received’ spectra was performed, 
to follow any changes that take place when the commercial PDMS is plasma treated, and 
in this way, correlate the ToF-SIMS results with the XPS, AFM and contact angle 
results.
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6.2.3. Topographical and Thermodynamical 
Characterisation
Topographical images o f the ‘as received’ model and commercial PDMS specimens 
were obtained by atomic force microscopy. The following images, obtained by 
TappingMode AFM, show the height image on the left hand side, and the phase image 
on the right hand side. The height image gives the topographical mapping o f the 
surfaces, whereas phase imaging detects variations in composition, adhesion, friction, 
viscoelasticity, and perhaps other properties.
Imaging the model PDMS was performed with difficulty, even though TappingMode 
AFM was used, (TappingMode imaging is suited for samples that are soft, adhesive or 
fragile, and this can overcome problems such as friction, adhesion and electrostatic 
forces).
The AFM images show that both ‘as received’ PDMS specimens have smooth surfaces. 
The model PDMS, Fig. 6.23, has a smoother surface than that o f the commercial PDMS, 
Fig. 6.24. This was determined by calculating the root mean square roughness, Rrms, of 
the entire image area. The ‘as received’ model PDMS had a Rrms o f 2.07 nm, and the 
commercial PDMS a Rrms o f 2.92. The main difference, topographically, between the 
model and the commercial PDMS, is the uniform granular structure that can be seen in 
the AFM image o f the commercial PDMS. This can be attributed to the M/Q resins that 
are added to the commercial PDMS, to make it rubbery. Around 30% o f M/Q 
molecules, approximately 5 nm in size, are added in the initial formulation (from 
manufacturer’s data).
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Fig. 6.23. AFM image o f the ‘as received’ model PDMS.
Data type Height Data type Phase
Z range 50.00 nM Z range 4.914 0
Jael.la
syl-184 Os; Tapp AFM/air
Fig. 6.24. AFM image o f the ‘as received ’ commercial PDMS.
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The surface energy of the ‘as received’ model and commercial PDMS prior to plasma 
treatment was calculated using three liquids, water, di-iodomethane and hexadecane. 
The surface energy values for the liquids are tabulated in Table 4.03, and the 
Owens/Wendt/Young equation (section 3.5.5) used to calculate the surface energy value 
from the contact angle data.
As Fig. 6.25 shows, water does not wet the surface of the ‘as received’ 
poly(dimethylsiloxane), with an angle of around 117°, and an angle o f 74° for the 
contact angle with di-iodomethane, Fig. 6.26.
Fig. 6.25. Water contact angle on ‘as received ’ commercial PDMS
Fig. 6.26. Di-iodomethane contact angle on ‘as received ’ commercial PDMS
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Fig. 6.27 show stills from a video sequence o f a drop of water touching the surface of 
the ‘as received’ commercial PDMS, revealing the non-wetting characteristics o f PDMS.
Fig. 6.27. Non-wetting video stills o f  water on ‘as received ’ commercial PDMS
The contact angles of the three liquids, water, di-iodomethane and hexadecane, on the 
‘as received’ PDMS surfaces were recorded and repeated at least in quadruplicate, Table 
6.04. The contact angles were recorded 10 seconds after the 1.0 pi drop of liquid 
touched the PDMS surface, to allow for the drop to stabilise, and before any significant 
evaporation could take place.
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Table 6.04. Mean contact angle and standard deviation data fo r  the ‘as received’ model 
and commercial PDMS (contact angle data in degrees).
Model PDMS Commercial PDMS
Water 119 ±0.7 117 ±0.9
Di-iodomethane 79 ± 0.4 74 ± 0.5
Hexadecane 37 ±0.7 38 ±0.9
The surface energy of the ‘as received’ model and commercial PDMS can be calculated 
using the Owens/Wendt/Young equation, as explained in section 3.5.5. The equation 
(Eq. 3.20) is in the form of y  = mx + c, and if  plotted, the gradient o f the best-fit line will 
give (ysD) 1/2, the dispersive component of the surface energy, and the line intercept will 
be ( y / / /2 the polar contribution to the surface energy, as shown in the plot in Fig. 6.28.
4.75 T
■0.2928x +4.7061 
R2 = 0.9983
4.2 -I  ------1----------- 1----------- 1----------- \----------- I----------- 1----------- 1------------1------------1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Fig. 6.28. Owens/Wendt/Young equation to calculate the surface energy o f  the ‘as
received ’ commercial PDMS
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The surface energy o f the unknown solid, ys, is then the sum of two components, 
Ys= Ys° + / / •  hi this manner, using the Owen/Wendt/Young equation, the surface free 
energy o f the low energy surface o f ‘as received’ PDMS have been calculated by the 
sessile drop contact angle technique to be, Table 6.05,
Table 6.05. Surface energy o f  ‘as received’ model and commercial PDMS.
Surface energy (mJm‘2) y° r
Model PDMS 0 21 21
Commercial PDMS 0 22 22
This value o f 22 mJm'2 for the ‘as received’ commercial PDMS is comparable to that o f  
PTFE, (surface energy of 18 mJm'2)5, well known for its low surface energy and uses for 
‘non-stick’ applications.
6.2.4. Summary
The first section o f this chapter has fully characterised the ‘as received’ model and 
commercial PDMS specimens using XPS, SIMS, AFM and contact angle measurements. 
The C ls and O ls spectra have been peak fitted with a single peak corresponding to Si-C 
and Si-O, respectively. The Si2p single peak o f the model PDMS was further peak fitted 
with the spin-up and spin-down corresponding to the spin-orbit splitting o f the Si2p, 
with a ratio o f Si2p3/2 to Si2pi/2 2:1. Peak fitting o f the commercial PDMS Si2p peak 
was considerably more complex than that o f the model PDMS, due to the M, D, T and Q 
components o f the Si2p peak. The M, D, T and Q groups were separated by 0.95 eV, 
with a FWHM of 1.50 eV. As with the model PDMS, the unresolved doublet o f the M, 
D, T and Q peaks have been peak fitted with the spin-orbit splitting.
PDMS characteristic fragments were identified from ToF-SIMS analyses, (m/z = 28, 43, 
73, 147 and 221, in the positive), along with hydrocarbon fragments resulting from the 
SIMS process. Identification o f the fragments was carried out to follow any changes
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taking place and allow the identification o f new fragments appearing when the PDMS 
specimens are subjected to plasma treatment.
Topographical data obtained by AFM have shown that the ‘as received’ model PDMS 
has a smoother surface than that o f the commercial PDMS, due to the M/Q resins that 
are added in the formulation.
The surface o f the ‘as received’ PDMS is non-wetting, with water forming a contact 
angle o f approximately 118°. The Owens/Wendt/Young equation has been used to 
calculate the surface energy o f the ‘as received’ PDMS specimens from the contact 
angle data obtained with water, di-iodomethane and hexadecane. The surface energies 
are similar, model PDMS with 21 mJm'2 and commercial PDMS with 22 mJm'2.
The next section o f this chapter will continue presenting the results obtained when the 
model and commercial PMDS have been plasma treated for a range o f treatment times. 
The plasma treated surfaces have been analysed by the use o f XPS, ToF-SIMS, AFM 
and contact angles.
156
Chapter Six: Characterisation of Plasma Treated PDMS
6.3 PLASMA TREATED POLY(DIMETHYLSILOXANE) 
SPECIMENS 
6.3.1. Data Processing
6.3.1.1. Peak Fitting Protocol for the XPS Data
The model and commercial PDMS specimens have been plasma treated as described in 
section 4.4.2, with a power o f 10 W and a pressure of 0.16 mbar. The main peaks in the 
XPS spectra are assigned to the C ls, O ls and Si2p. The surface composition have been 
quantified as a function of the plasma treatment time and the results are shown below in 
tabulated form, Tables 6.06 and 6.07, for the model and commercial PDMS, 
respectively. The full width half maximum of the core-level peaks used for 
quantification is also shown in the tables.
The surfaces compositions from these two tables have been plotted as a function of 
plasma treatment time and a best-fit line drawn using SlideWrite, a presentation graphics 
program. Fig. 6.29 shows the results obtained from the model PDMS, and Fig. 6.30 
those from the commercial PDMS.
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Fig. 6.29. Atomic concentrations fo r  the model PDMS
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Fig. 6.30. Atomic concentrations fo r  the commercial PDMS
The trend for both the model PDMS and the commercial PDMS with plasma treatment 
time is the increase of the oxygen concentration and a corresponding decrease o f the 
carbon concentration. The increase in the oxygen atomic concentration of the plasma 
treated PDMS specimens is indicative of D units being modified by the plasma treatment 
to T and Q units. The atomic concentration of the silicon species remains stable at 
around 20 atomic %.
The C ls and the Si2p peaks from the plasma treated model and commercial PDMS 
specimens have been analysed in more detail. The O ls spectrum for the plasma treated 
PDMS is relatively broad and non-descript, with a slight skew to higher binding energy. 
The broadness of the peak definitely suggests more than one unique oxygen 
environment. Although attempts were made to deconvolute the spectrum into separate 
components, more than one unique fit could be made depending on the number and 
position of the component peaks used. Therefore, the total integrated are under the O ls 
peak was only used as an internal check on the consistency of the component analysis of 
the C ls and Si2p spectra.
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Table 6.06. Quantification table fo r model PDMS from the Cls, O ls  and Si2p peaks,
FWHM (eV) is shown in parenthesis.
P la sm a  
T rea tm en t  
T im e (sec) C arb on
S urface
(C ls )
C om pos
O xygen
ition  /  
(O ls )
A to m ic  %  
S ilicon (S i2 p )
0 51.1 (1.40) 28.4 (1.39) 20.5 (1.54)
1 47.8 (1.43) 32.0 (1.54) 20.2 (1.68)
2 44.7 91.59) 33.9 (1.67) 21.4 (1.86)
3 46.0 (1.59) 32.8 (1.64) 21.2 (1.86)
4 48.4 (1.65) 30.6 (1.69) 21.0 (1.85)
5 36.4 (1.70) 43.5 (2.02) 20.1 (2.38)
6 31.6 (1.58) 47.6 (1.99) 20.8 (2.46)
8 32.2 (1.76) 48.7 (2.02) 19.1 (2.48)
9 32.5 (1.78) 47.9 (2.05) 19.6 (2.51)
10 30.3 (1.72) 50.8 (2.00) 18.9 (2.49)
11 31.8 (1.77) 48.5 (2.05) 19.7 (2.55)
12 31.0 (1.77) 49.7 (2.03) 19.3 (2.52)
13 33.9 (1.81) 47.1 (2.04) 19.0 (2.52)
14 30.5 (1.67) 50.4 (1.97) 19.1 (2.49)
15 30.6 (1.82) 49.8 (2.06) 19.6 (2.51)
17 28.9 (1.70) 52.2 (1.97) 18.9 (2.49)
22 22.6 (1.63) 58.4 (1.93) 19.0 (2.46)
25 25.6 (1.70) 55.1 (1.97) 19.3 (2.48)
30 25.5 (1.77) 54.8 (2.00) 19.7 (2.53)
40 19.8 (1.63) 60.7 (1.91) 19.6 (2.48)
50 22.6 (1.71) 57.0 (1.95) 20.4 (2.50)
60 24.3 (1.73) 55.9 (1.99) 19.9 (2.48)
120 21.0 (1.79) 58.3 (1.97) 20.8 (2.41)
300 16.4 (1.78) 61.7 (1.94) 21.9 (2.34)
1800 17.2 (1.78) 61.5 (1.96) 21.4 (2.36)
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Table 6.07. Quantification table for commercial PDMS from the Cls, O ls and Si2p
peaks, FWHM (eV) is shown in parenthesis.
P la sm a  
T rea tm en t  
T im e (sec) C arbon
Surface
(C ls )
C om p os
O xygen
ition  /  
(O ls )
A to m ic  %  
S ilicon (S i2p )
0 47.9 (1.51) 31.1 (1.69) 21.00 (2.20)
1 42.0 (1.52) 36.6 (1.75) 21.4 (2.02)
2 40.1 (1.52) 38.2 (1.79) 21.7 (2.30)
3 36.7 (1.59) 42.1 (1.92) 21.20 (2.39)
4 35.6 (1.75) 43.3 (2.02) 21.1 (2.49)
5 34.0 (1.68) 44.6 (2.03) 21.4 (2.56)
6 37.9 (1.61) 43.7 (2.02) 18.4 (2.42)
7 37.0 (1.91) 43.6 (2.09) 19.4 (2.54)
8 39.9 (1.71) 40.3 (2.01) 19.8 (2.46)
9 33.7 (1.86) 46.9 (2.07) 19.4 (2.62)
10 28.9 (1.75) 52.4 (1.93) 18.7 (2.55)
11 33.8 (1.88) 47.1 (2.08) 19.1 (2.62)
12 31.1 (1.85) 50.7 (2.01) 18.2 (2.57)
13 34.1 (1.86) 46.9 (2.09) 19.0 (2.57)
14 31.4 (1.84) 49.4 (2.05) 19.2 (2.54)
15 34.4 (1.87) 47.8 (2.04) 17.8 (2.57)
17 35.4 (1.92) 46.0 (2.08) 18.6 (2.63)
20 33.3 (1.89) 48.0 (2.08) 18.7 (2.60)
25 27.2 (1.78) 55.0 (1.93) 17.8 (2.42)
30 24.4 (1.76) 55.1 (1.96) 20.5 (2.52)
40 21.0 (1.65) 58.9 (1.91) 20.1 (2.56).
50 21.0 (1.74) 58.8 (1.93) 20.2 (2.46)
120 18.6 (1.74) 61.1 (1.93) 20.3 (2.31)
300 16.2 (1.86) 62.0 (1.94) 21.8 (2.20)
1800 13.1 (1.67) 65.3 (1.80) 21.6 (1.98)
The following spectra illustrate the peak fitting recipe applied to the C ls peaks o f both 
the plasma treated PDMS.
The full width half maximum (FWHM) of the C ls spectrum increases with plasma 
treatment time by as much as 0.4 eV, as Table 6.05 and 6.06 show. This broadening of  
the C ls peak indicates the presence o f more the single peak obtained for the ‘as 
received’ PDMS samples. From the plasma treatment process and knowledge o f the 
poly(dimethylsiloxane) chemical structure, three assignments are possible in the C ls
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peak. These are the C-Si at 284.4 eV, C-H at 285.0 eV and the C-OH at 286.5 eV. The 
C-OH peak also incorporates any C-O-C components that may be produced by the 
plasma processes. Following the peak fitting protocol from the ‘as received’ PDMS, 
Fig. 6.07, the FWHM of the peaks have been constraint to 1.50 eV ± 0.1 eV, and the 
Lorentzian-Gaussian mixture fixed at 30% (i.e. 30% Lorentzian and 70% Gaussian).
The following C ls spectra correspond to the model PDMS, as received and plasma 
treated for 10, 20, 30, 40, 50 and 60 seconds, at a plasma power of 10 W, 
Fig. 6.31 (a)-(g).
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Fig. 6.31. a). C ls spectra fo r  the ‘as received’ model PDMS
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Fig. 6.31. b). C ls spectra fo r  the model PDMS, plasma treated fo r  10 sec.
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Fig. 6.31. c). C ls spectra fo r  the model PDMS, plasma treated fo r  20 sec.
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Fig. 6.31. d). C ls spectra fo r  the model PDMS, plasma treated fo r  30 sec.
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Fig. 6.31. e). Cls spectra fo r  the model PDMS, plasma treated fo r  40 sec.
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Fig. 6.31. f). C ls spectra fo r  the model PDMS, plasma treated fo r  50 sec.
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Fig. 6.31. g). C ls spectra fo r  the model PDMS, plasma treated fo r  60 sec.
The table below, Table 6.08, and Fig. 6.32, show the decrease in the relative intensity of 
the C-Si species in the C ls spectrum, and the increase in the C-H groups with plasma 
treatment time. C-OH (and C-O-C) increases to around 7% of the C ls  peak. The best- 
fit curves that have been fitted using the Slide Write graphics program are an 
approximation, to provide a trend of the changes in the surface composition with plasma 
treatment time.
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Table 6.08. Relative intensities o f the C ls spectrum for the model PDMS, (at %)
Plasma Treatment 
Time (sec) C-Si C-H C-OH
0 86.2 11.6 2.2
1 90.2 6.8 3.0
2 85.2 11.6 3.2
3 90.3 8.3 1.4
4 88.5 9.2 2.3
5 82.1 13.5 4.4
6 88.5 8.0 3.5
7 65.1 32.0 2.9
8 58.2 37.3 4.5
9 71.2 23.6 5.2
10 69.7 26.2 4.1
11 77.7 17.3 5.0
12 72.3 22.2 5.5
13 68.0 26.4 5.6
14 72.3 20.4 7.3
15 59.6 36.0 4.4
17 56.3 36.7 7.0
22 60.1 35.5 6.4
25 61.1 32.9 6.0
30 59.3 35.7 5.0
40 73.9 20.7 5.4
50 61.9 33.3 4.8
60 63.6 30.5 5.9
90 57.6 38.2 4.2
120 58.3 36.0 5.7
150 72.1 22.5 5.4
180 67.4 25.7 6.9
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Fig. 6.32. Relative intensity o f  the various components o f  the C ls spectrum fo r  the
plasma treated model PDMS
In a similar manner to the model PDMS, the C ls spectra from the commercial PDMS 
peak fitted with the three peak assignments, C-Si at 284.4 eV, C-H at 285.0 eV and 
C-OH (and C-O-C) at 286.5 eV is shown in Fig. 6.33. (a)-(g) for the ‘as received’ and 
plasma treatment times of 10, 20, 30, 40, 50 and 60 sec. The results are tabulated in 
Table 6.08 and in graphical form in Fig. 6.34, using SlideWrite.
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Fig. 6.33. a). C ls spectra fo r  the ‘as received’ commercial PDMS
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Fig. 6.33. b). C ls spectra fo r  the commercial PDMS, plasma treated fo r  10 sec.
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Fig. 6.33. c). Cls spectra fo r  the commercial PDMS, plasma treated fo r  20 sec.
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Fig. 6.33. d). C ls spectra fo r  the commercial PDMS, plasma treated fo r  30 sec.
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Fig. 6.33. e). C ls spectra fo r  the commercial PDMS, plasma treated fo r  40 sec.
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Fig. 6.33. f). C ls spectra fo r  the commercial PDMS, plasma treated fo r  50 sec.
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Fig. 6.33. g). C ls spectra fo r  the commercial PDMS, plasma treated fo r  60 sec.
The decrease of the C-Si component and consequent increase of the C-H is also evident 
from the results obtained with the plasma treated commercial PDMS, (Fig 6.34 and 
Table 6.09). Plasma treatment incorporates oxygen functionalities, and this is reflected 
in the increase of the atomic concentration o f the C-OH from both the model and 
commercial PDMS. The concentration of oxidised species did not exceed 10% of the 
total carbon content. These results are in agreement with data presented by Hillborg and 
Gedde , in their corona discharged poly(dimethylsiloxane) elastomers. In their study, 
where the PDMS samples were exposed to corona discharges from 20 minutes to 200 
hours, the authors reported that the content of oxidised carbon never exceeded 8% of the 
carbon content. This suggests that oxidation in the 8-10 nm top layer mainly involves 
the formation of linkages between Si and O atoms.
168
Chapter Six: Characterisation of Plasma Treated PDMS
Table 6.09. Relative intensities o f the C ls spectrum for the commercial PDMS, (at %).
Plasma Treatment 
Time (sec) C-Si C-H C-OH
0 94.6 3.9 1.5
1 81.7 16.9 1.4
2 77.3 19.6 3.1
3 87.5 9.6 2.9
4 57.3 37.4 5.3
5 82.6 13.2 4.2
6 84.0 11.3 4.7
7 50.9 42.1 7.0
8 58.8 35.1 6.1
9 36.2 56.0 7.8
10 52.7 40.0 7.3
11 66.9 25.8 7.3
12 64.0 28.9 7.1
13 57.7 35.2 7.1
14 53.0 40.5 6.5
15 64.3 25.6 10.1
17 55.8 37.8 6.4
20 54.0 40.6 5.4
22 73.3 20.2 6.5
25 70.0 21.1 8.9
30 57.4 39.9 2.7
40 56.5 35.2 8.3
50 60.5 35.5 4.0
60 62.9 32.0 5.1
90 71.4 21.3 7.3
120 62.4 29.6 8.0
150 68.7 21.5 9.8
180 78.4 14.9 6.7
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Fig. 6.34. Relative intensity o f the various components o f the Cls spectra for the plasma
treated commercial PDMS
Following the Si2p peak-fitting protocol outlined in Section 6.2.1, the Si2p spectrum 
obtained for the plasma treated model and commercial PDMS have been examined using 
the M, D, T and Q silicon nomenclature, (Fig. 2.01). The M, D, T and Q components 
have a separation o f 0.95 eV and a full width half maximum o f 1.50 eV. The following 
spectra, Fig 6.35 (a)-(f), have been obtained from the plasma treated model PDMS, at 
treatment times o f 10, 17, 30, 40, 50 and 60 sec and 10 W o f plasma power. Note the 
increase o f the T component and the reduction o f  the D components with plasma 
treatment time. D units are the polymeric units, with silicon atoms attached to two 
oxygen atoms and 2 methyl groups. With plasma treatment, one o f  the methyl groups is 
substituted to another oxygen, leading to a T unit, which is the one responsible for 
branching o f the polymer network. The confidence level for the protocol established for 
the peak fitting o f the Si2p spectra in terms o f D and T components is high. However, 
the location o f the M and Q components at the extremities o f the spectrum implies that 
the binding energies o f these components will be less certain.
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Fig. 6.35. a). Si2p spectrum for the model PDMS, plasma treated for 10 sec.
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Fig. 6.35. b). Si2p spectrum for the model PDMS, plasma treated for 17 sec.
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Fig. 6.35. c). Si2p spectrum for the model PDMS, plasma treated for 30 sec.
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Fig. 6.35. d). Si2p spectrum for the model PDMS, plasma treated for 40 sec.
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Fig. 6.35. e). Si2p spectrum for the model PDMS, plasma treated for 50 sec.
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Fig. 6.35. f). Si2p spectrum for the model PDMS, plasma treated fo r  60 sec.
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The following table, Table 6.10, shows the relative surface concentrations o f  the M, D, T 
and Q components with plasma treatment for the model PDMS network.
Table 6.10. Relative intensity o f M, D, T, Q components o f Si2p spectra o f plasma
treated model PDMS, (at %)
Plasm a Treatment 
T im e (sec)
M D T Q
0 5.7 60.0 23.9 10.3
1 3.9 83.2 11.3 1.6
2 5.7 71.2 21.0 2.1
3 3.6 72.7 20.9 2.8
4 5.8 71.5 18.8 3.9
5 6.2 48.0 32.5 13.3
6 4.3 43.5 33.7 18.5
7 15.9 69.2 13.8 1.1
8 28.4 40.1 28.3 3.3
9 27.7 38.9 29.1 4.4
10 30.8 38.5 27.4 3.3
11 25.1 39.4 29.5 6.1
12 4.7 33.4 38.1 23.9
13 6.7 34.9 38.5 19.9
14 2.1 31.6 37.3 29.0
15 18.5 37.6 36.5 7.4
17 5.2 28.5 41.8 24.6
22 23.2 34.3 39.9 2.6
25 21.3 36.9 37.5 4.5
30 16.9 34.6 40.0 8.5
40 16.6 30.4 46.0 7.0
50 14.9 29.9 46.0 9.2
60 16.0 33.5 42.8 7.6
90 13.5 31.4 45.4 9.7
120 12.1 32.6 46.3 9.0
150 1.0 16.0 34.3 48.7
180 11.1 25.0 53.3 10.5
The results from the above table have been plotted individually as a function of plasma 
treatment time with ± 5% error bars, Fig. 6.36 to 6.39, for the M, D, T and Q 
components, respectively. Note the increase o f the T component in respect o f  the 
decrease in the D component. The trends for the M and Q components are, however, not 
as clear.
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Fig. 6.37. Surface concentration o f the D component in the Si2p peak, for the plasma
treated model PDMS
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Fig. 6.38. Surface concentration o f the T component in the Si2p peak, fo r the plasma
treated model PDMS
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Fig. 6.39. Surface concentration o f the Q component in the Si2p peak, fo r  the plasma
treated model PDMS
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The combined results for the surface concentration o f the M, D, T and Q components in 
the peak fitted Si2p peak for the plasma treated model PDMS is plotted in Fig. 6.40. 
The peak-fitting protocol followed is 0.95 eV separation between the components, with 
1.50 eV FWHM.
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Fig. 6.40. Combined Si2p surface concentrations o f the M, D, T and Q components for
the plasma treated model PDMS
In a similar manner to the spectra above for the plasma treated model PDMS, the 
following spectra, Fig. 41 (a)-(f), show the Si2p spectra peak fitted with the peak-fitting 
protocol outlined in Section 6.2.1 and examined using the M, D, T and Q silicon 
nomenclature, after plasma treatment times o f 10, 20, 30, 40, 50 and 60 seconds and 
power o f 10 W. The components separation remains at 0.95 eV and full width half 
maximum o f 1.50 eV. The peak shapes have been constrained to a Lorentzian-Gaussian 
ratio o f 30:70.
Table 6.11 shows the relative intensities o f M, D, T and Q components o f  the Si2p 
spectra with plasma treatment for the commercial PDMS.
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Fig. 6.41. a). Si2p spectrum for the commercial PDMS, plasma treated for 10 sec.
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Fig. 6.41. b). Si2p spectrum for the commercial PDMS, plasma treated for 20 sec.
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Fig. 6.41. c). Si2p spectrum for the commercial PDMS, plasma treated fo r  30 sec.
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Fig. 6.41. d). Si2p spectrum for the commercial PDMS, plasma treated for 40 sec.
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Fig. 6.41. e). Si2p spectrum for the commercial PDMS, plasma treated for 50 sec.
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Fig. 6.41. f). Si2p spectrum for the commercial PDMS, plasma treated for 60 sec.
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Table 6.11. Relative intensity o f M, D, T, Q components o f  Si2p spectra o f  plasma
treated commercial PDMS, (at %)
Plasma Treatment 
Time (sec) M D T Q
0 8.1 58.8 23.1 9.9
1 2.7 87.0 8.7 1.6
2 5.8 53.1 29.9 11.2
3 4.5 48.1 31.5 15.8
4 34.2 38.8 23.4 3.6
5 9.3 44.3 29.8 16.6
6 2.6 45.3 32.4 19.8
7 7.2 36.2 36.4 20.3
8 7.8 47.9 29.4 14.9
9 18.0 34.1 37.2 10.7
10 22.1 29.8 43.2 4.9
11 19.0 33.8 37.4 9.9
12 5.7 26.2 38.9 29.1
13 17.5 33.8 38.8 9.9
14 21.2 34.7 37.7 6.4
15 16.8 33.2 40.0 10.1
17 15.2 31.7 40.2 12.9
20 15.4 31.2 41.3 12.2
22 17.2 26.7 49.0 7.1
25 15.8 31.2 46.9 6.1
30 14.7 27.9 47.0 10.3
40 18.3 25.1 48.5 8.1
50 14.9 26.6 49.8 8.7
60 24.0 33.9 34.8 7.4
90 10.7 22.7 55.0 11.6
120 9.8 23.2 55.8 11.1
150 oo bo 21.3 52.5 17.3
180 7.7 22.1 53.7 16.5
The results from table 6.11 have been plotted individually with ± 5% error bars, Fig. 
6.42 to 6.45, for the M, D, T and Q components, respectively. As with the results 
obtained from the plasma treated model PDMS, note the decrease in the D component in 
respect of the increase in the T components. The trends o f the M and Q components are 
not clear. This has already been discussed above, thus the confidence level for the 
protocol established for the peak fitting o f the Si2p spectra in terms o f D and T 
components is high. However, the location o f the M and Q components at the 
extremities o f the spectrum implies that the binding energies o f these components will 
be less certain.
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Fig. 6.42. Surface concentration o f the M  component in the Si2p peak, for the plasma
treated commercial PDMS
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Fig. 6.43. Surface concentration o f the D component in the Si2p peak, fo r  the plasma
treated commercial PDMS
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Fig. 6.44. Surface concentration o f the T component in the Si2p peak, fo r the plasma
treated commercial PDMS
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Fig. 6.45. Surface concentration o f the Q component in the Si2p peak, for the plasma
treated commercial PDMS
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The peak fitting results do show a high degree o f  self-consistency which gives 
confidence to the approach used for all silicone conformations.
The combined results for the surface concentration o f the M, D, T and Q components in 
the peak fitted Si2p peak for the plasma treated commercial PDMS is plotted in Fig. 
6.46.
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Fig. 6.46. Combined Si2p surface concentrations o f the M, D, T and Q components for
the plasma treated commercial PDMS
The next section o f this chapter will now present the results obtained from the analysis 
of the plasma treated PDMS specimens with time o f flight secondary ion mass 
spectrometry, paying particular attention to mass fragment 45, which corresponds to the 
SiOH+ fragment.
182
Chapter Six: Characterisation of Plasma Treated PDMS
6.3.1.2. Identification of Molecular fragments in ToF-SIMS
The positive ion spectra for the ‘as received’ commercial PDMS, recorded on a ToF- 
SIMS IV spectrometer (IonToF GmbH), is shown in Fig. 6.47, along with spectra for 
plasma treated commercial PDMS, 5 to 60 seconds. The relative intensity o f the 
dominant peak at 73 Da, corresponding to Si(CH3)3+ and diagnostic o f the 
organosiloxane component increases with plasma treatment time. The other peaks of 
relative high intensity can be ascribed to Si+ and SiH+, 28 Da and 29 Da, respectively. 
Other typical fragments, 15 Da (CH3+) 27 Da (CH2=CH+), 41 Da (CHSi+), 
43 Da (CH3 Si+), and 45 Da (SiOH+ + SiCH5+ + C^HsO*), are o f relatively low 
intensity, but significant in the information that they provide in the understanding of 
the surface modification taking place with plasma treatment o f the PDMS.
The relative intensities o f the fragments above have been determined, and are shown 
in tabulated form in Table 6.12. The relative intensities for 17 Da and 60 Da in the 
negative ion spectra have also been included for completion, ascribed to SiOH* and 
SiCV, respectively.
Table 6.12. Relative intensities for specific fragments o f plasma treated commercial 
PDMS.
mass/u 28 43 45 45 73 17 60
Plasma 
Treatment 
Time (sec)
Si+ Si(CH3)+ SiOH+ + SiCHs+ (CH3)(CH2) 0 + Si(CHa)3+ OH- S i0 2*
0 12.9 6.4 3.0 3.4 7.7 12.8 0.9
5 13.8 4.0 3.8 0.9 8.1 25.7 0.8
10 14.2 4.4 4.6 1.7 26.7 23.6 0.3
15 10.6 3.7 3.3 1.4 22.5 21.1 1.0
20 11.4 4.0 3.9 1.9 33.5 25.3 1.1
30 13.7 4.9 3.7 2.0 38.1 28.3 1.3
60 12.6 3.7 4.4 1.8 30.9 24.2 1.3
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Figure 6.47. Positive ion ToF-SIMS spectra for ‘as received ’ commercial PDMS and
plasma treated commercial PDMS.
Figure 6.48 below shows the effect o f plasma treatment on the relative intensities o f  
the major fragments. Note the increase in the fragment 73 Da, Si(CH3 )3 , diagnostic o f  
PDMS, with increasing plasma treatment time. This increase, however, reaches a 
plateau from around 30 seconds o f plasma treatment time.
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Figure 6.48. Plot o f relative intensities for specific fragments as a function ofplasma
treated time for commercial PDMS.
Fragments 17’ Da (OH"), 28+ Da (Si+) and 45+ Da (SiOH+ + SiCHs+) have been 
plotted separately in Fig. 6.49, to illustrate the similar trends shown between the OH' 
and the SiOH+ fragments, and the importance o f the development o f the OH’ fragment 
with plasma treatment.
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Figure 6.49. Effect o f plasma treatment time on 1T Da, 28+ Da and 45+ Da
fragments.
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Plasma treatment o f the commercial PDMS results in an increase in the relative 
intensities o f the Si(CHs)3 + fragment. There is also an increase in the OH' and SiOH+ 
fragments. High resolution SIMS was carried out on the plasma treated specimens, 
which show the increase in the SiOH+ fragment (45 Da), in preference to the 
hydrocarbon fragment C2 HsO+ and SiCH5+ fragment, Fig. 6.50.
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Figure 6.50. High resolution SIMS showing m/z = 45, comprised o f SiOHr+, S iC H f
and C2HsO+.
From these results, it can be seen that fragment SiOH+ increases in intensity with 
exposure to plasma conditions, and becoming the base peak in the 45 Da.
It is important to note at this stage that there was no noticeable increase in the relative 
intensity o f the mass fragment 60 Da, ascribed to Si02_, with plasma treatment time, 
(Table 6.12), whereas the increase in the OH' fragment with plasma treatment is o f
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considerable importance in understanding the effects o f plasma treatment on the 
surface o f the commercial PDMS.
6.3.1.3. Artificial Neural Network Examination of C1s 
Spectra
X-ray photoelectron spectroscopy (XPS), is a very useful tool for contributing to the 
understanding o f the effects o f surface treatments, such as plasma treatment o f PDMS. 
In order to extract meaningful trends, as a function o f treatment level, appropriate 
methods for data analysis are required. Nowadays, with modem data systems, even 
the most complex data analysis methods can be realistically considered. The 
information provided by XPS is contained normally in a spectmm that consists o f a 
number o f overlapping peaks, often o f different peak shapes and intensities, as 
described extensively in Sections 6.2.1 and 6.3.1.1. There are several factors 
important in peak fitting, which are operator related, such as background removal, 
charge correction, and peak positions and widths. This peak fitting process is, 
however, still rather subjective and depends, to a large extent, on operator expertise, 
and the nature o f the software employed.
In many cases, one can have a data set, for example, a series o f C ls spectra, that are 
very similar to each other. Analysing each peak individually by curve synthesis is a 
very time consuming process that might, or might not, provide the required 
information. In this study, the effects o f air plasma treatment on 
poly(dimethylsiloxane), PDMS, networks have been studied, and XPS spectra were 
acquired from a series o f plasma treated specimens for different times. The changes 
that take place are gradual and in excess o f 100 C ls spectra were produced in this 
study.
A novel approach, using neural network software, has been successfully used to 
classify the C ls spectra produced from the plasma treatment study. The neural 
network software is self-learning and sorted the spectra by their similarities. When a
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totally different spectrum was introduced, the neural network attempted to classify it 
and place it as near as possible to the most similar spectra.
In this manner, it is possible to reduce the time spent in data analysis when spectra are 
similar. Furthermore, as the neural network is self-learning, a database can be built 
for future use. For example, when an unknown spectrum is introduced, the routine 
should be able to classify it by placing it amongst similar spectra already classified. 
The methodology and results to be presented will indicate both the reproducibility and 
reliability that such an approach can yield in classifying a large number of very 
similar spectra. This is particularly valuable in circumstances where the time o f peak 
fitting would not be justified.
The use o f an expert system to help interpret XPS spectra is proving ever more 
popular, and highlights how an expert’s knowledge may be coded into a system that 
can infer information about spectral data. Further advantages o f expert systems are 
the ability for transfer o f ‘invaluable knowledge’, removal o f operator’s 
subjectiveness, and assist the user in the interpretation and reduction o f large amounts 
of XPS data.
Whilst expert systems provide a way in which spectrum interpretation can be 
automated, they require the interpretation and encoding o f experience dependent 
expert knowledge manually into a system. Furthermore, such systems are less 
tolerant o f outlying patterns that may not easily fall into a predefined category. While 
such patterns may be a consequence of experimental error or faulty equipment, there 
is the chance that they are indeed novel and worthy of distinct classification. This is 
the ruled based, or hierarchical type of expert system.
One approach to overcoming these difficulties is to allow a system to learn from 
experimental data directly. Here, examples from experiments may be used to teach a 
system about the input space, and hence how an individual spectrum may be 
classified. The application o f neural computing techniques follows this paradigm in 
that a training algorithm builds a set o f knowledge about the input space from 
experience gained on a representative training set. However, this process involves the 
automatic selection o f relevant features from the input space through the use o f an
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algorithm, rather than relying upon expert derived knowledge directly, which is 
restricted to the choice o f training examples and network parameters.
Artificial Neural Networks (ANNs) are computational models o f (real) biological 
neural systems. Such biological systems consist o f massively parallel networks o f  
simple neuronal processors that are considered to be the computational basis of 
intelligent behaviour, which ANNs exploit in order to attempt to simulate such 
intelligent behaviour. This technique lends itself well to certain computationally 
difficult problems, where it is either impossible or undesirable to apply the traditional 
techniques of a structured program performing tasks such as classification. However, 
one o f the strengths o f ANNs is their tolerance to noisy input through the selection o f  
relevant features, provided that a representative training set has been selected and 
sufficient training has been performed.
There are two main types o f ANN system that learn about the input space upon which 
they are operating, supervised or unsupervised learning systems. Representations 
from unsupervised learning can be built from the example inputs through a process 
known as competitive learning, o f which Kohonen’s Self-organising Map (SOM) is 
an example75.
A SOM is a neural network and associated learning algorithm that is designed to 
produce a statistical approximation of the input space by mapping an input in to a 
two-dimensional output layer, effectively squashing the dimensions o f the input 
space. The approximation is achieved by selection o f features that characterise the 
data, which are output in a topologically ordered map. Learning is achieved in the 
SOM using a competitive algorithm. The Euclidean distance between each training 
input vector and all weight vectors is determined. The neuron with the weight vector 
that has the smallest Euclidean distance to the input pattern is termed the winner. To 
reward the winning neuron its weight vector is adjusted to be ‘closer* to the input 
vector, with the amount o f adjustment determined by the number o f times the training 
patterns have been presented (via the learning rate). Additionally, all vectors within a 
defined neighbourhood o f the winner are adjusted, essentially forming a cluster o f  
similar values that are seen to be activated by the winner. The schematics o f Kohonen 
SOM is shown in Fig. 6.51 below.
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Figure 6.51. Kohonen SOM
To explore and illustrate the way in which neural computing techniques can be used 
to help automatically interpret spectrum images, two experiments using a SOM to 
classify XPS spectrum data generated from plasma treated commercial PDMS will be 
described below.
The data used for the experiments was taken from a sample o f commercial PDMS in 
the form o f spectra; an array o f counts in the kinetic energy range o f 1191eV to 
1214eV, in steps o f 0.1 eV, with plasma exposure time increments varying from 0s to 
330s, giving 20 separate sets o f values, and separate data set obtained from a 10 min 
plasma exposure, allowing comparisons to be made between different treatments.
In order to apply a neural network to this raw data, the data must first be collated into 
a set o f vectors that can be used for training and testing. The vectors consist o f 100 
values, corresponding to 100 different kinetic energies that are coincident within all o f  
the data gathered per exposure, including those for the sample that was first plasma
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treated. Each value (or dimension) within the vector corresponds to the count value 
for the associated kinetic energy, ranging from approximately 760 to 8020. Fig. 6.52 
shows each spectrum plotted over the coincident vector range.
Sample ‘as received’
8 5 0 0 Increasing plasma 
treatment time, 
from 5 to 330 sec7 5 0 0
Sample with 10 min 
plasma treatment5 5 0 0
=  4 5 0 0
3 5 0 0
2 5 0 0
1 5 0 0
5 0 0
11 9 4 .7 1 1 9 5 .8 1 1 9 6 .9 1 1 9 8 1 1 99 .1 1200.2 1 2 0 1 .3 1 2 0 2 .4 1 2 0 3 .5 1 2 0 4 .6
Kinetic Energy (eV)
Figure 6.52. Commercial PDMSXPS spectra data used for experiments
From this data it is possible to see two basic trends. The first concerns the shifting 
and lowering o f  the spectrum image with increasing exposure time, but where the 
form o f the spectrum appears to remain stable with one main peak. The second shows 
how the plasma treatment affects the kinetic energy count for an exposure time o f  
10 m, shifting the resultant spectrum by 2.5eV. However, the main element o f note is 
that the shape o f  each spectrum seems to be fairly consistent with the others.
The first experiment performed on this data explored the way in which a SOM could 
automatically extract features from each spectrum and represent these as clusters o f  
similar spectra within the two-dimensional map.
All 20 o f the results for different exposure times and treatments were used to train a 
SOM to produce a contextual map with a grid o f 10 by 10 neurons. Each spectrum
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was presented as a 120 dimensional vector, corresponding to the count at 100 energy 
values plus a 20 dimensional ‘label’.
The resultant contextual map is shown in Fig. 6.53, with manual shading used to 
highlight different regions o f exposure time.
Figure 6.53. Contextual map formed by training a SOM on all 20 result sets.
The resultant map demonstrates that the SOM learning algorithm does select features 
from the 120 dimensions to statistically represent the input space, and that this 
selection appears to be based upon exposure time to the plasma. Probing shows how 
these features relate to one-another. For example, all low exposure spectra appear to 
be clustered within the bottom left comer o f  the map, similarly there are clusters for 
medium and high exposures.
This contextual map therefore demonstrates that the algorithm is automatically 
arranging the different spectra according to some automatically determined criteria, 
with some co-location o f similar spectra. For example, we can see that neurons 
associated with the 0s result set are co-located with those o f  the 5 s. However, they
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are also co-located with those for 240 s, 330 s and 10 m with plasma treatment results 
sets, as shown by the red dashed circle in the bottom right comer o f  Fig. 6.53.
Looking at these 5 spectra separately, Fig. 6.54, we see that the Os and 5s spectra 
show close similarity in amplitude and location. This is also tme for the 240s and 
330s spectra. However, neither o f  these two sets o f spectra, or the spectra for 10s 
with plasma treatment, shows any further incidence o f similarity between both 
location and amplitude. One conclusion that may be drawn from this is that the 
algorithm has selected features that each o f these spectra has that are not obvious from 
a visual inspection. Further analysis o f the co-located spectra is required to determine 
what sort o f features the map has identified, for example through principal 
components analysis. However, it is important to understand that at least a minimal 
amount o f clustering has occurred for spectra that appear to be closely related.
As received
Plasma 
treated 5 s
Plasma
treated 10 minc3 330 soO
240 s2 5 0 0
119 9 .1 1200.2 1 2 0 3 .5 1 2 0 4 .61 1 9 5 .8 1 1 9 6 .9 1 1 9 8 1 2 0 1 .3 1 2 0 2 .41 1 9 4 .7
Kinetic Energy (eV)
Figure 6.54. Commercial PDMS XPS spectrum data for co-located samples
Since the SOM appears to have performed a minimal clustering o f  spectra that are 
similar in form, based upon treatment time, the next experiment takes this concept 
further by using a SOM to help classify new spectra, those for which the SOM has not 
been trained upon. This concept highlights how a suitably trained neural network 
could be used to aid the interpretation process o f spectra by identifying those example
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spectra that are similar to those presented. This similarity measure is based upon a 
statistical representation formed within the neural network by the training algorithm 
and is based upon a representative set o f  examples.
The 20 original vectors formed from the experimental data, without labels or 
normalisation, were split into a training set and a test set. The training set consisted o f  
15 vectors chosen at random from the 20, with the remaining vectors placed into the 
test set. The 15 training vectors were used to train a SOM consisting o f  10 by 10 
neurons. Each neuron was initialised with a random weight vector o f 100 dimensions, 
matching that o f the input.
Once trained the representation o f the input space formed by the map can be 
visualised by probing with the training set to identify different clusters. The probing 
consists o f determining which o f the neurons has a weight vector with the smallest 
Euclidean distance to that o f the training example being probed. Fig. 6.55 shows the 
results o f this probing for the winning neurons. (Note that the use o f  random initial 
weights and a smaller training set gives rise to different clusters to those found for the 
first experiment.)
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Figure 6.55. Location o f training ‘winners ’for map trained on 15 examples
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As before, the map has formed clusters o f different samples based upon the exposure 
time. For example, the bottom left comer consists o f  a cluster o f high exposure 
spectra, whereas the top right comer consists o f those with low exposures. Between 
these two clusters is a band representing the transition from low to high.
The set o f  winners for the training set provides a foundation upon which new spectra 
may be tested, allowing the classification o f the new spectra based upon similarity to 
clusters identified by the training set. The 5 testing spectra where therefore used to 
probe the map to find their associated winning neurons. Fig. 6.56 shows the winning 
locations for the 5 testing vectors, highlighting the association between the different 
clusters exposed by the training set.
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Figure 6.56. Location o f testing ‘winners ’for map trained on 15 examples. 
Training ‘winners ’ highlighted to show co-location.
The testing set consists o f spectra for 25 s, 120 s, 180 s, 270 s and 10 m plasma 
treatment. The 25 s vector is associated with a neuron within the cluster o f low  
exposure spectra. The neuron is most closely located to the 10 s training sample
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winning neuron, with next closest the 90 s sample. The inference is that the new 
sample must therefore be between 10 s and 90 s, but closer to 10 s. This result is 
confirmed with the actual value o f 25 s.
Similar results are obtained for all the remaining samples. The map correctly co­
locates the 10 min plasma treated spectrum, placing it at the same point as the 330s 
sample, even though both spectra bear minimal similarity. This demonstrates how a 
generalisation is performed in attempting to identify a new sample with those for 
which it has already been trained.
This work has attempted to show how neural computing techniques can be applied to 
aid the automatic interpretation o f XPS spectra. The experiments demonstrate that 
through process of learning a representation o f the input space may be formed which 
can be used to aid the classification of new spectra. However, these limited results 
require expansion to prove useful in any attempts to further automatically interpret 
spectra. Here, a map generated from commercial PDMS data alone cannot be used to 
identify different sample types, or indeed if  such samples contain contaminates. One 
approach to solving this is to generate a sufficiently large map based upon a greater 
number of material samples at different exposures, in a similar way to the document 
analysis approach taken by WEBSOM75’76.
Whilst the results provided above demonstrate that algorithms such as Kohonen’s 
SOM can be used to automatically extract features from spectra, through a process 
that is comparable with principal component analysis, further work is required in 
order to understand what features are being extracted in order to further evaluate the 
results. However, this novel approach o f using artificial neural networks has been 
successfully used to classify the C ls spectra, thus reducing the time spent in data 
analysis when spectra are similar.
The following are some of the working conditions which make the use o f artificial 
neural networks a viable tool in the future. Data in ASCII format, with 20 sets being 
the minimum (a set o f 7 million achieved by Kohonen’s lab in Finland), Java as the 
operating system platform, and time taken to process the information from the 20 sets 
was around 5 minutes. Once a neural network has been pretrained, processing o f new
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sets is performed in less than one second by handheld personal digital assistants 
(PDA).
6.3.1.4. Auger Parameter Calculations
Throughout this study, XPS spectra have been acquired using the non- 
monochromated X-ray source in preference to the monochromated A1 K a on the 
Thermo VG Scientific Sigma Probe spectrometer, as the original intention was to use 
the Bremsstrahlung induced SiKL.2,31*2,3 transition to record Auger parameters as a 
diagnostic o f chemical state. Unfortunately, the complexity of the silicon chemistry 
meant that although it was possible to peak fit the photoelectron Si2p spectra with a 
high degree o f confidence, the SiKLL Auger transition could not be interpreted in a 
meaningful manner. This is necessary in order to calculate the Auger parameters for 
the individual silicon functionalities in the plasma treated PDMS specimens. The full 
width half maximum of the SiKLL spectrum broadens with plasma treatment time, 
indicative o f more than one unique environment and shown in the higher and lower 
kinetic energy sides, as seen on the ‘as received’ and 30 s spectra, respectively.
However, limited information has been obtained from the SiKLL Auger transition o f  
the plasma treated PDMS specimens, which will be presented in this section.
Figures 6.57 to 6.59 show the SiKLL spectra for commercial PDMS, ‘as received’, 
and plasma treated for 30 and 40 seconds, respectively. Each spectrum has been peak 
fitted with a single peak, and centroid kinetic energy recorded.
The modified Auger parameter ( a *  =  E k  +  E b )  was determined for the plasma treated 
commercial PDMS, when both the Si2p and the SiKLL have been peak fitted with a 
single peak, Table 6.13.
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Figure 6.57. SiKLL spectrum for the ‘as received ’ commercial PDMS.
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Figure 6.58. SiKLL spectrum for the commercial PDMS, plasma treated fo r  30 sec.
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Figure 6.59. SiKLL spectrum for the commercial PDMS, plasma treated fo r  40 sec.
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Table 6.13. Modified Auger parameter for plasma treated commercial PDMS.
Treatment 
Time (sec)
Si2p
(eV)
SiKLL
(eV)
a  * 
(eV)
0 104.1 1606.9 1711.0
2 105.0 1606.1 1711.1
5 105.2 1605.7 1710.8
7 105.0 1605.9 1711.0
10 106.2 1604.9 1711.1
12 106.6 1604.6 1711.2
15 107.0 1604.5 1711.5
17 107.0 1604.2 1711.1
22 108.2 1602.6 1710.8
25 108.0 1602.5 1710.5
30 107.8 1602.7 1710.5
40 107.7 1602.9 1710.6
Compilations o f  Auger parameter data can be presented in a two-dimensional 
‘Wagner’ or ‘chemical state’ plot. These consist o f  plots o f Auger kinetic energies on 
the ordinate and photoelectron binding energies, plotted in reverse on the abscissa, 
with corresponding a* values lying along axes with slope +1, as in Fig. 6.60, which 
shows the experimental data o f the plasma treated commercial PDMS located along 
the a* value o f 1711 eV (also from Table 6.13).
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Figure 6.60. Two-dimensional chemical state plot o f plasma treated commercial
PDMS
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Briggs and Seah43 have compiled a similar two-dimensional chemical state plot of 
silicon compounds, solids and gases, Fig. 6.61. The rectangles on this figure 
represent estimated errors for each compound. Each chemical state then occupies a 
unique position on the plot and since a  + hv is plotted, data obtained with different 
X-ray sources may be compared on the same graph.
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Figure 6.61. Two-dimensional chemical state plot o f silicon compounds, solids and
43gases
The chemical state plot of silicon compounds does not have a unique state associated 
with a modified Auger parameter of 1711 eV, although it does represent the boundary 
between gases and solids. From XPS and SIMS results, it has been already 
established, that there is no evolution of SiC>2 . SiC>2 , has a a* value of 1712-1713 eV 
in the Auger plot. Therefore, limited information has been obtained from the SiKLL
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Auger transition in that the chemical state of the surface of plasma treated commercial 
PDMS is not composed of SiC>2 . The degree of confidence of this data is, however, 
very low, as the SiKLL spectra have not been peak fitted with the individual silicon 
functionalities present, but fitted with a single broad peak.
Nonetheless, as the information obtained from the Si2p spectra is all self-referencing 
with respect to the two central components, D and T, the quality of chemical 
information obtained is more than adequate even without the added security (as far as 
energy referencing is concerned) that would accrue from using Auger parameter data.
6.3.1.5. Degradation of PDMS
X-ray induced sample damage is a common problem during the X-ray photoelectron 
spectroscopy analysis of materials, and in particular organic materials, and can cause 
the spectrum to change with exposure time. Section 3.2.6 explains the various 
reasons that can contribute to polymer radiation damage in XPS, including 
photoelectrons as a source of damage. Degradation index values are quoted for 
several organic polymers by Beamson and Briggs39 in their High Resolution XPS o f  
Organic Polymer, to allow optimised acquisition times and conditions for minimum 
sample damage. The degradation index is the percentage damage after 500 min at an 
X-ray source power of 1.4 kW. The X-ray degradation index was estimated from a 
graph of Xt/Xo vs. t, where X  is some parameter characteristic of the polymer and 
measurable form the XPS spectrum, Xt is its value at time t and Xo its value at time 
zero and t is the X-ray exposure time. Beamson and Briggs quote a degradation index 
value of 5 for poly(dimethylsiloxane) based o nX=  C/Si.
A degradation study has been carried out for the commercial PDMS used in this thesis 
to ascertain the degradation index of the PDMS, following the protocol set by 
Beamson and Briggs.
201
Chapter Six: Characterisation of Plasma Treated PDMS
Fig. 6.62 shows the degradation behaviour o f the commercial PDMS. A  degradation 
index value o f 25 is obtained, (percentage damage after 500 minutes). Beamson and 
Briggs39 specify this degradation index with an X-ray source o f 1.4 kW. The 
degradation study for the ‘as received’ commercial PDMS in the Thermo VG 
Scientific Sigma Probe spectrometer was acquired at an X-ray monochromated source 
power o f 100W. Nevertheless, the majority o f spectra acquisitions took around 30 
min. For this period o f time, the ‘as received’ commercial PDMS has a degradation 
index o f less than 2.
Therefore, degradation o f commercial PDMS can be thought o f  to be negligible 
during the times employed for spectral acquisition in the work carried out in this 
thesis.
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Figure 6.62. Plot o f (Xq/XJ x  100 vs time for the ‘as received’ commercial 
PDMS. X= C/Si ratio
In XPS, it is often observed that the X-ray flux causes changes in the surface structure 
and chemistry in the surface region o f organic materials. However, there is no 
standard guide to estimate the relationship between the degradation rate and X-ray
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source flux. To investigate this relationship, an interlaboratory study on the 
degradation of three kinds of polymers, —  nitrocellulose + cellulose acetate 
(NC+CA), poly(vinylchloride) (PVC) and poly(tetrafluoroethylene) (PTFE) —  was 
conducted, with 40 laboratories having participated in the project. The author 
participated in this study, and the results have been published in the Surface and 
Interface Analysis, 33, 252-258, (2002), (see Appendix B).
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6.3.2. Surface Topography of PDMS
6.3.2.1. Topography as a Function of Plasma Treatment 
Time
The following images, Fig. 6.63 (a)-(h) and Fig. 6.64 (a)-(h) of the plasma treated 
commercial and model PDMS were obtained by atomic force microscopy, using 
TappingMode AFM, with the height images on the left hand side, and the phase 
image on the right hand side. The scales have been corrected to display optimum 
contrast.
Imaging the model PDMS was performed with difficulty, as already discussed in the 
AFM section of 6.2.2, even though TappingMode AFM is especially suited for 
samples that are soft, adhesive or fragile, as was the case with the model PDMS. 
Problems were also encountered obtaining the images of the plasma treated 
commercial specimens, for example, Fig. 6.63 (g), commercial PDMS plasma treated 
for 45 seconds.
The root mean square (RMS) roughness was calculated for the entire field of view 
area of each image, and is the standard deviation of data:
where z is the mean z height.
Even though the R rms quantity is drawn from statistics, it reflects intuition and 
practical experience. A surface considered rough has a higher Rrms values than a 
surface considered to be smooth. Since Rrms contains square terms, large deviations 
from the average z height are weighed more heavily, and small deviations are given 
less weight in the calculations.
N
R n =1 (Eq. 6.01)
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Figure 6.63. AFM images o f commercial PDMS
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The calculated Rrms for the commercial PDMS is tabulated below, Table 6.14, and the 
results plotted as a function o f plasma treatment time. The best-fit line was drawn 
using the presentation graphics program Slide Write.
Table 6.14. Rrms for AFM height images o f ‘as received’ and plasma treated 
commercial PDMS.
Plasma Treatment 
Time (s)
RMS Roughness 
(nm)
0 2.9
5 0.7
10 0.6 j
15 0.7
20 0.2
30 1.4
60 0.3
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Figure 6.65. Effect o f plasma treatment time on the root mean square roughness o f  
commercial PDMS (note that the data point corresponding to 30 s plasma treatment 
has not been included in the best-fit line).
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Figure 6.64. AFM image o f model PDMS.
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Note that the Rrms result for commercial PDMS plasma treated for 30 seconds has not 
been included in the plot of Fig. 6.65. This was due to the difficulty in obtaining 
adequate AFM images.
Figure 6.64 (g), for the model PDMS, plasma treated for 45 s shows an interesting 
feature, (so-called ‘spider-web’), and this will be discussed in more detail in the 
following section.
6.3.2.2. Cracking of Plasma Treated PDMS
Due to the difficulty in obtaining AFM height images of the plasma treated model 
PDMS, the drive amplitude of the cantilever was increased by 15 times (30 nm) when 
imaging the 45 s plasma treated specimen. The result, however, was the cracking of 
the plasma treated PDMS, and appearance of the ‘spider-web’-like cracking feature.
Cracking and formation of the ‘spider-web’ was observed in only the plasma treated 
model PDMS specimens that were plasma treated for longer than 45 seconds (i.e. 45 
and 60 s specimens). Fig. 6.66 shows the image obtained from the 60 s plasma 
treated model PDMS after initial tapping of the surface with the increased drive 
amplitude. A similar ‘spider-web’ feature to that of the 45 s plasma treated PDMS is 
visible.
When the cantilever is rastered across the surface of the 60 s plasma treated model 
PDMS with the increased drive amplitude, a more extensive cracking of the surface is 
observed, Fig. 6.67, with a lateral view of the same image presented in Fig. 6.68.
A section analysis was carried out to determine the depth of the cracks from the 60 s 
plasma treated model PDMS, Fig. 6.69. The average depth of the cracks is around 
10-13 nm, and the width of the cracks in the order of several hundreds of nanometers.
208
Chapter Six: Characterisation of Plasma Treated PDMS
0 2.53 PM 0 2.53 PM
Data type Height Data type Phase
Z range 68.74 d m Z range 2.125 0
J a l 8 . O i l
FZ 60s; Tapp AFM/air - After large aMplitude
Figure 6.66. Cracking (spider-web) o f the 60 s plasma treated model PDMS.
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Figure 6.67. Extensive cracking o f the 60 s plasma treated model PDMS after the 
cantilever tip was rastered across the specimen surface.
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Figure 6.68. Lateral view o f the ‘spider-web ’ cracking o f the 60 s plasma treated 
model PDMS following rastering with increased drive amplitude.
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Figure 6.69. Section analysis to determine depth and width o f the ‘spider-web ’ cracks
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The cracks were followed for a period o f time, to determine whether any self-healing 
mechanism took place, by observed as a reduction in size the ‘spider-web’ cracks. 
Figures 6.70 and 6.71 show no reduction in the ‘spider-web’ size after 50 min.
0 7.62 u m  0 7.66 p m
Data type Height Data type Phase
Z range 128.3 nw Z range 43.76 0
Jal8.012
FZ 60s; Tapp AFM/air - After large aMplitude
Figure 6.70. 'Spider-web ’ crack at time t = 0,for the 60 s plasma treated model
PDMS.
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Figure 6.71. ‘Spider-web ’ crack at time t -  50 min, for the 60 s plasma treated model
PDMS
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The similar drive amplitude was used to probe to surfaces of plasma treated 
commercial PDMS, in particular the 60 s plasma treated sample. The cantilever tip 
was rastered across the surface, and the surface ‘tapped’ in one particular spot on the 
surface. However, no cracking of the plasma treated commercial PDMS was 
observed.
6.3.3. Surface Force Measurements
6.3.3.1. Bare Silicon Cantilever Tip
The adhesion properties of four plasma treated commercial PDMS samples was 
measured using four AFM silicon nitride cantilever tips. The spring constant of the 
tips was calculated based on its dimensions, as characterised by SEM imaging. The 
spring constants of the cantilever tips are tabulated in Table 6.15.
Table 6.15. Spring constants of cantilever tips used for PDMS samples tested.
Spring Constant 
(N/m)
Plasma treatment time of PDMS sample 
tested
7.33 ‘As received’
73.91 10 seconds
39.22 30 seconds
51.80 60 seconds
The results of these adhesion tests, as shown in Figure 6.72, clearly indicates a strong 
dependency on the duration of plasma treatment on the commercial PDMS samples. 
The adhesion forces between a bare cantilever tip and the ‘as received’ PDMS sample 
were measured at an applied load of 400 nN. Eight individual force curves were 
acquired. The adhesion forces were found to be significantly lower compared to the 
plasma treated samples.
When the individual force curves were analysed, a 'bounce-off or ‘spring-back’ effect 
of the cantilever tip upon retraction was observed in all the acquired force curves (see 
Fig. 6.73). This effect may be due to the fact that a cantilever with a low spring 
constant was used. However, this does not adequately explain the 'bounce-off effect,
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as the adhesion forces between the tip and the PDMS sample were reasonably low. 
Another possible explanation may be that the probe tip was pulling off strands of 
PDMS sample upon retraction. This would also account for the negative force at zero 
separation between the tip and the sample after the tip has withdrawn from the 
sample. However, upon close examination of the probe tip using SEM after the 
adhesion tests shows no significant debris was found on the probe tip, though this 
observation does not discount the fact that polymer chains can be present in the tip, 
not seen by SEM.
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Figure 6.72. Adhesion forces of PDMS with increasing duration ofplasma treatment
measured using bare cantilever tips
Adhesion forces between a bare tip and the commercial PDMS sample plasma treated 
for 10 s showed more scatter compared to the ‘as received’ sample. This may have 
been due to the range of applied load used. Although the applied load was predefined 
at a set value, upon analysis of the force curves, the applied load was found to range 
from 1000 nN to 3500 nN. This indicates that the mechanical properties of the 
sample may have been varied at certain sites within the sample. Force curves
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acquired using the 10 s plasma treated PDMS also showed a significant slide-out 
distance o f  500 nm when the tip is retracting from the surface, Fig. 6.74. High slide- 
out distances are reminiscent o f  the tip pulling out small amounts o f the sample as it is 
withdrawing
♦  A p p r o a c h  
■ R e t r a c t io n
S e p a ra t io n  (nm )
Figure 6.73. Adhesion o f the ‘as received’ PDMS measured using a 7.33 N/m 
cantilever spring, and showing the ‘bounce-off effect.
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Figure 6.74. Significant slide-out distance o f adhesion force between a 73.91 N/m 
and a 10 s plasma treated commercial PDMS sample
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As the plasma treatment time is increased to 30 s, the adhesion force decreased from 
approximately 300 nN to 130 nN. The decrease in adhesion forces was consistent in 
the eight force curves taken. The applied load at which the curves were acquired 
ranged from 900 nN to 2000 nN. The direct dependence o f adhesion forces on the 
applied load could not be determined due to insufficient data points. From close 
analysis o f the eight force curves, a 'dislocation' effect could be observed when the 
probe tip has penetrated 200 nN to 800 nN into the sample, Fig. 6.75. This effect is 
marked by a small deflection o f the tip at the contact region between the tip and the 
sample. Dislocations are often observed when the tip detects defects within the 
sample or a layer o f oxide material is penetrated. In this case, the dislocation 
observed in the force curves may be due to the penetration o f the probe tip into a 
plasma modified layer.
♦ A p p r o a c h  
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Figure 6.75. Dislocations observed in the force curves taken with a probe tip 
interacting with a 30 s plasma treated commercial PDMS sample.
Adhesion forces measured using the commercial PDMS sample plasma treated for 60 
s showed a significant increase to 1440 nN, Fig. 6.76. The data points acquired with 
this sample showed similar amount o f  scatter compared to the 10 s plasma treated 
PDMS sample. Applied loads at which the force curves were acquired ranged from 
1703 nN to 9000 nN despite the same pre-set value o f maximum cantilever was used.
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As with the results from the 10 s plasma treated PDMS sample, this suggests that the 
mechanical properties o f the sample tested may have been inhomogeneous across the 
surface.
♦ A p p r o a c h  
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Figure 6.76. Strong attractive forces detected in the adhesion force measurement o f 
the 60 s plasma treated commercial PDMS.
In all the force curves obtained in this study, the PDMS surfaces exhibited signs o f  
non-elasticity, shown by the negative slopes at the contact region o f  the force curves. 
The negative separation distance between the tip and the sample is indicative that the 
tip is indenting into the sample. This phenomenon could be observed even at low  
applied loads o f 400 nN (Fig. 6.73), which shows that the surface o f the sample is 
very soft.
The non-linearity o f  the contact regions o f  the force curves increases with increasing 
plasma treatment time, suggesting that the hardness and Young's modulus o f  the 
material may have decreased with increasing duration o f plasma treatment. The 
hysteresis observed between the approach and retraction curves further validates the 
fact that that plastic deformation is occurring at the surface o f the sample.
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6.3.3.1. Glass Ballotini on Cantilever Tip
Single glass ballotini particles, ranging from 12 to 20 pm in diameters, are attached 
on to the back of AFM cantilever tips. The effect of plasma treatment time on 
commercial PDMS samples are then measured using the attached glass particle. As 
with the previous investigation, the spring constants of the cantilevers are 
characterised by SEM and the results are shown in Table 6.16.
Table 6.16. Spring  constants and  diam eter o f  a ttached g lass pa rtic les  used  in the  
adhesion studies o f  plasm a treated P D M S samples.
Spring
constant
(N/m)
Diameter of attached 
glass particle (pm)
Plasma treatment time of 
PDMS sample tested 
(seconds)
39.22 18 0
12.312 20 10
73.91 16 30
51.80 12 60
The results of the adhesion study, Fig. 6.77, show that the adhesion forces between 
the glass ballotini particle and the commercial PDMS samples clearly depends on the 
duration of plasma treatment. It is worth stating that since different sized glass 
particles were used in the adhesion studies for different PDMS sample, adhesion
forces in Fig. 6.77 are represented by a ‘normalised force’, which is the adhesion 
force divided by the diameter of the glass particle used for that particular study. This 
is a standard technique for rationalising adhesion data when the effective particle 
radius varies68.
The results show an increasing trend of adhesion forces with increasing plasma 
treatment time. The increase in the adhesion forces was most prominent between the 
‘as received’ PDMS sample and the 10 s plasma treated PDMS sample. Adhesion 
forces increased by a factor of 5 when the 10 s plasma treated PDMS sample was 
tested. The rise in adhesion forces between the 30 s plasma treated PDMS sample and 
the 60 s plasma treated PDMS sample was less apparent.
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Figure 6.77. The adhesion forces between single glass ballotini particles and 
commercial PDMS samples with increasing plasma treatment time.
The force curves acquired in this study showed a considerable amount of non-linearity 
in the contact regions of the force curve, Fig. 6.78 to 6.81, suggesting that the material 
may be undergoing non-elastic behaviour or elasto-plastic deformation at the contact 
regions. As the PDMS sample is considerably more compliant than the glass ballotini 
particle, the deformation will occur on the PDMS sample.
The influence of plasma treatment time on the surface adhesive properties of 
commercial PDMS films has been investigated using bare silicon nitride AFM 
cantilever tips and attached glass ballotini particles. In both systems studied, the 
dependence of adhesion force of PDMS films on the plasma treatment time is clearly 
observable. The results from these two studies will be further discussed in the 
Chapter 8, and compared to the adhesion between plasma treated commercial PDMS 
hemispheres and plasma treated glass slides in Chapter 7.
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♦ Approach
S e p a ra tio n  (nm )
Figure 6.78. Force curve acquired for a 20 pm diameter glass ballotini particle 
interacting on the ‘as received ’ commercial PDMS sample
Approach
S e p a ra tio n  (nm )
Figure 6.79. Force curve acquired for a 18 pm diameter glass ballotini particle 
interacting on 10 s plasma treated commercial PDMS sample.
219
Chapter Six: Characterisation of Plasma Treated PDMS
♦  A p p r o a c h  
■ R e t r a c t io n
S e p a ra t io n  (nm )
Figure 6.80. Force curve acquired for a 16 jam diameter glass ballotini particle 
interacting on 30 s plasma treated commercial PDMS sample.
♦  A p p r o a c h  
■ W ith d r a w a l
S e p a ra t io n  (nm )
Figure 6.81. Force curve acquired for a 12 pm diameter glass ballotini particle 
interacting on 60 s plasma treated commercial PDMS sample (the sinusoidal wave 
effect in the approach and retraction curves is caused by interference effects from the
laser).
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6.3.4. Contact Angle Measurements
The contact angle formed by three liquids, water, di-iodomethane and hexadecane, on 
the plasma treated model and commercial PDMS was measured, with the intention to 
calculate the surface energy of the plasma treated PDMS surfaces using the 
Owens/Wendt/Young equation, as outlined in Section 6.2.2. The main characteristic 
of the contact angle results was that water spontaneously wets the surface of the 
plasma treated PDMS (contact angle of 0°), and the same surface energy value of 73 
mJm’2 was obtained for all plasma treatment times, using the method described in 
sections 3.5.5 and 6.2.2, Table 6.17.
Table 6.17. Surface energy of plasma treated commercial PDMS as a function of  
treatment time, using the Owens/Wendt/Young equation (Eq. 3.20). y =  f  +
Plasma 
Treatment 
Time (sec)
Surface En 
(mJm’2;
Y
ergy
/  7®
0 22 0 22
10 73 50 23
20 73 49 24
30 73 50 23
40 73 49 24
50 73 49 24
60 73 47 26
The surface energy value of 73 mJm'2 is that of water, which was the liquid that 
wetted the surface of the plasma treated PDMS completely and spontaneously. The 
Owens/Wendt/Young equation was examined more closely with the contact angle 
data obtained for a 10 s plasma treated commercial PDMS specimen, Table 6.18.
Table 6.18. Contact angle results for the ‘as received’ and 10 s plasma treated
commercial PDMS.
Contact angle 
(degrees) As received 10 s plasma
Water 117 ±0.9 0
Hexadecane 74 ±0.5 20 ± 0.2
Di-iodomethane 38 ± 0.9 40 ± 0.5
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Fig. 6.28 below shows the plot used to calculate the surface energy o f  ‘as received’ 
commercial PDMS, and this follows the expected form when using the 
Owens/Wendt/Young approach. Fig. 6.82, the plot for the 10 s plasma treated 
commercial PDMS, which gives a surface energy value o f 73 mJm"2, however, yields 
a negative gradient. Upon closer examination o f the plot, it is clear that a contact 
angle o f 0° for water was the limiting factor in the Owens/Wendt/Young equation for 
the calculation o f surface free energy.
4.75 T
y = -0.2928x + 4.7061 
R2 = 0.9983
4.2 4—  H-------------1-------------1-------------1-------------1-------------1-------------1-------------1-------------1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
[fo r i
Mr .
Fig. 6.28. Owens/Wendt/Young equation to calculate the surface energy o f the ‘as
received ’ commercial PDMS
Data point for 
water16 -
14 -
cos 9 ) 10 ' '
y = 7.5487x + 3.9104 
R2 = 0.9814
1.81.61.2 1.40.8 10.60.40 0.2
IM l l
Mr .
Fig. 6.82. Owens/Wendt/Young equation to calculate the surface energy o f
commercial PDMS plasma treated for 10 s.
222
Chapter Six: Characterisation of Plasma Treated PDMS
This can be seen more easily if, arbitrarily, the hexadecane and di-iodomethane ‘as 
received’ contact angle data is used in conjunction with a contact angle o f 0° for 
water, Fig. 6.83.
Yl ( 1 +
Data point for water, contact angle of 0°, 
obtained from plasma treated PDMS
y = 7.5487x + 3.9104 
R2 = 0.9814
Data points for hexadecane and di-iodomethane, contact 
angle measurements on ‘as received’ PDMS
-i-----------------1-----------------1-----------------1-----------------1
0.8 1 1.2 1.4 1.6 1.8
kllIW
Fig. 6.83. Owens/Wendt/Young equation to calculate the surface energy o f the 
commercial PDMS, with ‘as received’ contact angles for hexadecane and 
di-iodomethane and a contact angle o f 0 °for water.
Therefore, the surface energy o f plasma treated PDMS (both model and commercial) 
and plasma treated glass slides, cannot be calculated using the sessile drop approach 
with these three liquids, as the surface energy value for plasma treated surfaces 
determined by the Owens/Wendt/Young equation will be equal to that o f the liquid 
that wets the surface completely, i.e. 73 mJm'2, surface energy o f water. To 
determine the surface free energy o f the plasma treated PDMS, a different set o f  
liquids should be used, ideally with polar contributions to the surface energy higher 
than that o f water, i.e. yp > 51.0 mJm'2. Alternatively, the Wilhelmy plate method can 
be used to measure the dynamic contact angle. The advancing and receding contact 
angles are calculated from the force exerted as the sample is immersed or withdrawn 
from a liquid.
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6.3.4. CONCLUDING REMARKS
This Chapter has presented the results obtained from the surface analysis of the ‘as 
received’ and plasma treated model and commercial PDMS with the use of X-ray 
photoelectron spectroscopy, secondary ion mass spectrometry and atomic force 
microscopy.
In the XPS section a protocol has been established that has enabled complex Si2p 
spectra to be peak fitted, and resolve the stoichiometry in terms of the structure of the 
silicon functionalities that evolve from the plasma treatment, in particular, the 
increase of the T component, and decrease of the D component, with a high degree of 
confidence.
Similarly, ToF-SIMS has shown the increasing presence of the SiOH+ fragment as a 
factor of plasma treatment time, and that the surface of the plasma treated PDMS does 
not contain the Si02 fragment, normally present when PDMS have been plasma 
treated for long periods of time.
Plasma treatment of commercial PDMS appears to produce smoother surfaces 
compared to those of the ‘as received’ specimens from very short plasma treatment 
times. This ‘smoothness’ occurs very quickly on exposure to the plasma and does not 
change with increasing plasma treatment time.
Cracking of the model PDMS was observed but not the commercial PDMS, when the 
specimen surface was repeatedly tapped within the AFM at high drive amplitudes. 
Such cracking was not apparent with the plasma treated commercial PDMS.
Finally, the adhesion studies carried out with the aid of AFM using bare cantilever 
tips and glass ballotini particles attached to the underside of cantilevers showed a 
direct relationship between the adhesion achieved and the level of plasma treatment. 
The following chapter will examine further this adhesion behaviour by studying 
practical adhesion between plasma treated commercial PDMS and plasma treated 
glass slides.
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Chapter Seven
Adhesion Study Results
7.1. INTRODUCTION
In Chapter 6, the results for the surface characterisation of poly(dimethylsiloxane) films, 
both prior to and after plasma treatment, using various surface analysis techniques were 
described. One of the aims of the current work is to investigate the effects of low power 
plasma treatment on the adhesion of commercial PDMS to other substrates. To achieve 
this, plasma treated PDMS hemispheres were put in contact with plasma treated 
substrates for 60 seconds, under a 13 N load, as described in section 4.3.2, using a 
modified JKR approach55.
The present chapter will show the empirical results obtained from this adhesion study. 
There is direct evidence of surface modification and enhancement of surface properties 
with plasma treatment from this investigation. The chapter starts with a description of 
the different substrates employed for this part of the research and the subsequent 
characterisation of the chosen substrate. This is followed by studies carried out to 
ascertain repeatability of results, determination of the contact area diameter equilibrium 
conditions between the commercial PDMS hemisphere and the glass slide, and the effect 
of loading time. The correlation of the effect of plasma treatment time and the level of 
adhesion obtained is then described.
The science of adhesion is a well-established field, with detailed models proposed to 
account for experimental observations. In order to propose a failure mechanism for a 
system, and understand the bonding involved, it is first essential to establish the precise 
locus of failure.
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Determining the locus of failure forms an important part of any adhesion failure 
investigation, and may even help to reveal how the failure occurred. There are three 
potential modes of failure: cohesive, (which may occur in either the adhesive or the 
adherend), interfacial, and mixed-mode. Cohesive failures generally occur within the 
layer of adhesive, though on occasion, in the actual substrate. An interfacial failure 
occurs at the adhesive/substrate interface. Mixed-mode is the term given to fracture 
surfaces, which contain regions of differing loci of failure. The first stage in failure 
analysis is generally a visual inspection. This may prove misleading, as an overlayer of 
polymer often remains on one of the fracture surfaces, but is invisible to the naked eye.
The next stage is analysis by either optical or electron microscopy, but even with the 
magnification of a scanning electron microscope, it is not possible to observe an 
overlayer below about 50 nm thick. In order to establish the true locus of failure, surface 
specific techniques with sampling depths of the order of a few nanometers are required. 
Of these, X-ray photoelectron spectroscopy, (XPS), and secondary ion mass 
spectrometry, (SIMS), are most frequently applied. In addition, non-conducting 
specimens such as polymers and glass, need to be gold coated prior to any SEM 
analysis, whereas XPS or SIMS cannot use such specimen preparation methods.
One of the most important requirements of an adhesive joint is the ability to retain a 
significant proportion of its load-bearing capacity for extended periods of time under the 
wide variety of environmental conditions that are likely to be encountered during its 
service life. The weakening of adhesive joints subjected to a variety of environmental 
conditions has been studied by several workers, in which water is undoubtedly the major 
and most common hazard92. The ability of a joint to resist moisture is critical when the 
material is used in, or exposed to moisture. True interfacial failures are rare, and near 
interfacial failure with usually a polymer of the order of nanometers remaining on the 
fracture surface is generally the case.
In this chapter, the commercial PDMS hemisphere and glass slide configuration were 
separated, and the failure surfaces analysed by X-ray photoelectron spectroscopy to 
determine the locus of failure. The test specimens were also placed in an aqueous 
environment to determine the effect of water on the durability of the couple.
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This study has determined that plasma treatment improves the wettability of the PDMS 
surfaces (from contact angle data). However, because plasma treated surfaces are 
frequently far from stable, the surface hydrophilicity created by the plasma treatment is 
often lost over time. This ‘hydrophobic recovery’ is caused by, amongst other things, by 
the mobility and reorientation of polymer chains in the treated surface layer. The level 
and kinetics of the hydrophobic recovery depends on several factors, such as storage 
conditions, plasma treatment time, feed gas, mechanical deformation and the 
composition of the substrate. This chapter, therefore, finishes with aging studies carried 
out to determine the hydrophobic recovery mechanisms taking place on the plasma 
treated commercial PDMS and glass slides.
7.2. ADHESION OF COMMERCIAL PDMS TO GLASS
7.2.1. Introduction
The adhesion test, using plasma treated commercial PDMS, was carried out on various 
plasma treated substrates to assess the level adhesion achieved. From this test, glass 
slide was chosen as the substrate for the adhesion study. The adhesion of plasma treated 
commercial PDMS and glass slide gave consistent and repeatable results. The contact 
area diameters were long lasting (weeks) and in the range of 6-7 mm. The first section 
of the chapter will characterise this glass substrate. None of the other polymeric 
substrates and aluminium foil considered for the adhesion study gave comparable 
adhesion results to those obtained with glass slides.
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7.2.2. Glass Slide Characterisation
The chosen glass substrate is in the form of glass slides, dimensions 75 x 25 x 1 mm. 
There were supplied by Superior Marienfeld, precleaned and with finely ground edges. 
The composition of the soda lime glass is given below in Table 7.01.
7 7Table 7.01. Composition of the Marienfeld soda lime glass slides .
Component Composition (at %)
Si02 72.83
A120 3 1.50
Fe20 3 0.06
CaO 6.72
MgO 4.04
Na20  + K20 14.60
S 03 0.25
Fig 7.01 shows the XPS spectrum of the ‘as received’ glass slide. The composition of 
the glass in Table 7.01 matches that calculated from the spectrum very well.
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Figure 7.01. XPS survey spectrum of the ‘as received’ glass slide.
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With a 300 second plasma treated glass slide, the survey spectrum shows that the Nals 
increases as the Cls decreases, as is expected, due to the removal of carbon 
contamination from the glass surface. Two new peaks appeared in the plasma treated 
glass survey, FIs and the fluorine Auger peaks, Fig 7.02. The origin of the fluorine can 
be traced back to the manufacturing stage, involving the acid etching process used in the 
frosting of the slide’s ends and the pre-cleaning prior to packing of the slides for 
delivery.
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Figure 7.02. XPS survey spectrum ofglass slide plasma treated fo r  300 s, 10 W
AFM images were also taken of the glass slide. No special features were present on the 
‘as received’ glass surface, Fig. 7.03 and the 60 second plasma treated glass slide, Fig. 
7.04. More dust particles were present on the glass slide after plasma treatment.
The surface energy of the ‘as received’ Marienfeld glass slide has been calculated to be 
67 mJm'2, using the sessile drop technique and employing water, hexadecane and di- 
iodomethane. The Owens/Wendt/Young equation, as explained in sections 3.5.5 and 
6.2.2 and was used to calculate this surface energy value. The plasma treated glass slide 
has an increased surface energy value of, apparently, 73 mJm'. This surface energy 
remains constant for more than 6 hours if  the glass treated specimen is kept in a closed 
Petri-dish. The contact angle and surface energy data are discussed in more detail in 
Section 6.3.4 and Chapter 8.
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Figure 7.03. AFM image o f  the ‘as received’ glass slide
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Figure 7.04. AFM  image o f the glass slide plasma treated fo r  60 s, 10 W
The glass slide substrate has now been fully characterised in its composition and surface 
properties. The Marienfeld glass slide is a soda lime glass from its composition and 
XPS spectrum. No special features are present with AFM imaging before and after 
plasma treatment.
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The following section will now deal with the studies carried to ascertain repeatability o f 
the results obtained in the adhesion study.
7.2.3. Adhesion Test: Contact Area Diameter Evolution
7.2.3.1. Reproducibility
The reproducibility analysis was carried out with 13 different commercial PDMS 
hemispheres, plasma treated for 10 seconds in the PlasmaPrep 100, at 10 W power and a 
pressure o f 0.2 mbar. A load o f 13 N was applied for 60 seconds using the bulldog clip 
described in section 4.3.2. The substrate was Marienfeld glass slide, plasma treated 
following the same conditions as with the hemisphere. The results are shown, tabulated 
in Table 7.02 and in a bar chart, Fig 7.05. The contact area was measured using a 
vernier calliper and readings were taken over a period o f several days. The standard 
deviation is o f less than 0.30 mm or ± 6 %, and thus reproducibility o f this adhesion test 
has been confirmed.
Table 7.02. Reproducibility o f the adhesion test (tabulated). All contact area diameters
in mm.
Specimen 1 5
Time
1080
(min)
3960 15840 28800
1 7.20 6.25 5.10 4.75 4.55 4.40
2 7.30 5.90 4.90 4.70 4.15 4.15
3 7.60 5.65 5.00 4.80 4.50 4.25
4 7.65 6.30 5.35 5.10 4.60 4.50
5 7.60 5.85 4.80 4.50 4.40 4.10
6 7.10 6.35 5.15 5.10 4.80 4.45
7 7.80 6.30 5.25 5.05 5.00 4.60
8 8.00 6.40 5.20 4.95 4.80 4.50
9 7.90 6.05 5.20 4.95 4.70 4.30
10 7.65 6.25 4.70 4.50 4.30 4.25
11 7.80 6.60 5.25 4.35 4.70 4.40
12 7.73 6.10 4.95 4.60 4.40 4.30
13 7.10 5.70 4.60 5.00 4.20 4.05
Average 7.15 6.13 5.03 4.80 4.55 4.33
STD 0.30 0.29 0.23 0.25 0.25 0.17
% 4.22 4.67 4.61 5.26 5.56 3.85
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Figure 7.05. Reproducibility analysis o f  the adhesion test (with error bars)
7.2.3.2. Contact Area Diameter Equilibrium Conditions
The evolution o f the contact area diameter of two commercial PDMS hemisphere lenses 
with time is shown in Table 7.03, from an average of three plasma treatment runs. 
Fig. 7.06 shows the mean contact area diameter as a function of time. The hemispheres 
and the glass slide were plasma treated for 10 seconds at 10 W. A similar load of 13 N 
was applied for 60 seconds to provide the initial adhesion conditions.
It is remarkable that adhesion remains stable after many days. It may be assumed that 
equilibrium is reached 18 hours after the initial load of 13 N is removed. After the 18 
hours, the contact area diameter decreases very gradually. Adhesion specimens 
produced at the beginning of this study still have contact area diameters o f around 4 mm 
almost three years after they were prepared and stored in the open laboratory air.
232
Chapter Seven: Adhesion Study Results
Table 7.03. Evolution o f  contact area diameter (in mm)
T im e (m in) L ens 1 L ens 2 A verage m ean
1 7.65 7.80 7.73
5 6.03 6.60 6.31 ;
10 5.70 5.93 5.81
20 5.53 5.80 5.66
30 5.23 5.63 5.43
60 5.23 5.43 5.33
90 5.20 5.50 5.35 :
120 5.10 5.45 5.28
180 5.10 5.45 5.28
240 4.90 5.25 5.08
300 4.90 5.25 5.08
1080 4.70 5.25 4.98
3960 4.60 5.00 4.80
15840 4.30 4.70 4.50
28800 4.25 4.40 4.33
E
E
L.o
o
ETO
Q
*>>oTO
C
oo
Tim e (min)
Figure 7.06. Evolution o f contact area diameter, showing equilibrium conditions
(mean value used).
7.2.3.3. Loading Time
Commercial PDMS hemispheres, plasma treated at 10 W for 10, 20 and 60 seconds were 
loaded at 13 N for 18 hours to investigate the effect o f loading time on the resulting
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contact area diameter (in the initial experiment set-up, the load was maintained on the 
test couple for 60 s only, then load removed and test couple allowed to reach equilibrium 
for a period o f 18 hours). The contact area diameters were recorded when the 13 N load 
was removed after the 18 hours o f loading, and re-measured after a further 18 hours had 
elapsed to allow the commercial PDMS and glass slide system to reach equilibrium. 
The results are shown below in Table 7.04.
Table 7.04. Effect o f loading time on the contact area diameters o f commercial PDMS 
hemispheres.
Plasma Treatment Contact Area Diameter (mm)
Time (s) After 18 hr, 13 N After a further 18 hr, 0 N
10 5.35 4.15
20 6.50 4.65
60 6.20 6.15
The resulting contact area diameters, after 36 hours (18 hours with load o f 13 N  
followed with a further 18 hours with no load), are similar to the contact area diameters 
obtained when the 13 N load is applied for 60 seconds, as it is shown fully in section 7.4. 
Therefore, the loading time, between 60 seconds and 18 hours, does not play a 
significant role in the adhesion properties between plasma treated commercial PDMS 
hemispheres and glass slides.
7.3. ADHESION OF COMMERCIAL PDMS TO 
DISSIMILAR MATERIALS
7.3.1. Polymeric Substrates
When a polymer is treated with air plasma, polar functional groups containing oxygen 
are introduced into its surface, leading to a higher surface energy and a hydrophilic 
surface78,79. The brief study presented in this section is concerned with the level of
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adhesion that is achieved between commercial PDMS hemispheres and a series o f low 
and high surface energy substrates, in order to select an appropriate substrate for the 
adhesion study with the plasma treated PDMS.
Six polymers have been chosen as possible low surface energy substrates. The adhesion 
study was performed with the polymers in the ‘as received’ condition and plasma treated 
for 60 seconds. The commercial PDMS hemispheres were plasma treated for 60 
seconds. The polymer substrate and the plasma treated hemisphere were then 
sandwiched together with a 13 N load for a 60 second period. The level o f adhesion 
achieved after 18 hours have been recorded.
The six polymers chosen are: low density polyethylene (LDPE), polyamide 6 (Nylon 6), 
polystyrene (PS), polypropylene (PP), polyethylene terephtalate (PET), and 
polyvinylidene fluoride (PVDF). These polymers exhibit enhanced surface 
characteristics and improved adhesion properties when plasma treated, as described in 
the literature; LDPE80, Nylon 681, PS82, 83, PP84' 85, PET86 and PVDF87. All polymers 
have been supplied by Goodfellows. The chemical structure and the thickness o f the 
polymers used are shown below, together with their surface free energies5,95,
□ Low density polyethylene, 1 mm thick, y = 32 mJm*2.
— t  C H 2 --------c m  f r T
□ Nylon 6,1 mm thick, y = 41 mJm'2.
— ( - c m  ( c m ) 3 c m NH tr
O
□ Polyvinylidene fluoride, 0.25 mm thick, y = 28 mJm'2.
- ( - c m — CF2 ) ”n
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□ Polystyrene, 0.25 mm thick, biaxially orientated, y = 44 mJm-2
—(-CH2 C H f n
□ Polypropylene, 0.3 mm thick, y = 31 mJm'2.
f -  CH2 C K f - n
CHs
□ Polyethylene terephtalate, 0.25 mm thick, y = 45 mJm'
C  O------Ctt CH2 f i —
o
There was no adhesion achieved between any o f the ‘as received’ polymers and the 
plasma treated commercial PDMS hemispheres. With the 60 second plasma treated 
polymers, no adhesion was observed between PP, PS, PET, PVDF and plasma treated 
PDMS. Limited adhesion was obtained with LDPE and Nylon 6. The contact area 
diameters were in the range o f 3 to 4 mm immediately after the 13 N load was removed. 
The limited adhesion was then lost after 18 hours.
The 13 N loading time was increased from 60 to 120 seconds. Similarly, adhesion was 
observed only with plasma treated LDPE and Nylon 6 with contact area diameters in the 
range of 6 to 7 mm. Adhesion was lost after 18 hours.
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The LDPE and Nylon 6 surface properties have been improved. However, the level of 
improvement was not satisfactory for this study, possibly due to lack o f surface 
functionalities. Should the polymers have been treated for longer periods o f time and 
possible higher than the 10 W power rating o f the plasma, a better adhesion to the 
commercial PDMS hemisphere would have taken place.
Brief feasibility studies were carried between plasma treated PDMS to plasma treated 
and ‘as received’ PDMS sheet. The resulting adhesion in both cases was either poor or 
not present. Chapter 8 will attempt to explain these results in relation to the mechanisms 
of adhesion summarised in Section 3.5.
7.3.2. Aluminium and Silicon Substrates
The adhesion o f plasma treated commercial PDMS to plasma treated polymer surfaces 
was very poor compared to that achieved with glass slides. Two other substrates, with 
higher surface free energies, have been considered for the adhesion study, aluminium 
foil and silicon wafers, with surface free energies o f 500-700 mJm'2 and 287 mJm’2, 
respectively5.
The role o f a good oxide layer (both in terms o f morphology and chemistry) on the 
adhesion properties o f aluminium is well documented in the literature. In the 1970s, 
John Venables and his group at Martin Marietta Laboratories88,89, produced SEM stereo 
pairs o f the morphologies produced in the etching and subsequent anodising of 
aluminium. These schematics have now become justly famous and are included in all 
works on anodizing. The characteristic morphologies (‘finger-like’ features on top o f a 
porous hexagonal structure) produced by the Forest Products Laboratories etch and 
anodising aid mechanical interlocking. Similarly, plasma oxidation o f aluminium is a 
convenient method for producing high purity, planar oxide films o f controlled 
thickness90. Plasma treatment is also used for the cleaning and the removal o f organic 
contaminants91. The aluminium used was supplied by Goodfellows, 99.0 % purity and 
thickness o f 0.25mm. The experiments carried out in the previous section were repeated 
for the two substrates. No adhesion was observed between the plasma treated
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commercial PDMS hemisphere and the ‘as received’ aluminium foil. Similarly, there 
was no adhesion when the aluminium was plasma treated for 60 seconds. Limited 
adhesion was observed with a 120 second treatment, producing contact area diameters of 
around 5 mm. As with the polymeric substrates, this adhesion was lost after around 18 
hours.
Excellent adhesion was observed with plasma treated silicon wafers. The contact area 
diameters were similar to those achieved with glass slides (~ 7 mm contact area 
diameter). This adhesion did not degrade with time. However, silicon wafers were not 
chosen as the substrate for the adhesion study mainly because it was difficult to measure 
the resulting contact area diameter. It was found that it was easier and more accurate to 
determine the contact area diameter with the transparent glass slides.
7.3.3 SUMMARY
This section has described adhesion studies that have been performed to choose a 
suitable substrate, including polymers, aluminium and silicon wafer. As the preliminary 
results have shown, the plasma treatment o f these substrates yielded poor adhesion to 
plasma treated commercial PDMS hemispheres as compared to plasma treated glass 
slides.
Plasma treatment can be used with great effect to improve the bond strength to 
polymers. In these cases, the improved properties result from both increased wettability 
of the treated polymer and the modification o f the surface chemistry o f the polymers. 
The changed surface chemistry facilitates reaction o f the polymer with surface species to 
form covalent bonds with the plasma treated interphase. All o f the polymeric substrates 
considered for this study, LDPE, Nylon 6, PS, PP, PET and PVDF, have been studied 
elsewhere17, and have shown lap-shear bonding improvement after various plasma 
treatments, with an increase in the lap-shear strength o f at least 5 times to the untreated 
specimens. It is important to stress at this stage that there is no ‘standard’ plasma 
process, and it is necessary to optimize the plasma process conditions to obtain the best
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results for each application. Under optimum conditions for a given polymer/polymer 
system, the bond strength can generally be improved to the point where the bond failure 
is cohesive in the weakest material, and not in the bond line.
The poor adhesion to plasma treated PDMS can be attributed to some factors, mainly 
that the plasma treatment conditions were not optimised for the given polymers. This 
could, in turn, could lead to the formation o f a weak boundary layer at the polymer 
surface and the inability o f strong and durable bond formation. Similarly, the adhesion 
of the PDMS to aluminium was poor. Since the adhesion o f PDMS to glass was 
consistent, as described above, the adhesion o f these other substrates to plasma treated 
PDMS was not pursued any further.
The oxide on silicon wafer is similar to that o f glass slide and the resulting surface 
modification with plasma treatment are also comparable. However, glass was chosen in 
preference to the silicon wafer for practical reasons: the glass slides were readily 
available and no further preparation was needed, and it was easier to measure the 
resulting contact area diameters o f the PDMS hemispheres with plasma treatment time.
7.4. THE EFFECT OF TREATMENT TIME ON ADHESION
The adhesion study was performed between plasma treated commercial PDMS 
hemispheres and plasma treated glass slides. Reduced adhesion was observed when the 
glass slides were not plasma treated. Table 7.04 and Fig. 7.07 show the effect o f plasma 
treatment time on the contact area diameter o f the test hemispheres. It can be seen that 
the contact area diameter increases rapidly from short treatment times to around 30 
seconds, where the contact area diameter reaches a maximum plateau. It is important to 
understand that this levelling is a function of the load used, (13 N), in conjunction with 
the size o f the commercial PDMS hemispheres (16 mm diameter), and this is the 
limiting factor for the measured contact area diameter. The contact area diameter would 
increase if  either the load is increased or larger hemispheres were used. The constant
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load o f 13 N was not a variable in this study, but it is expected that the contact area 
diameter would increase with increased load, as shown in Fig. 7.08.
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5.00
4.50
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Figure 7.07. Adhesion study. The effect o f plasma treatment time on the contact area 
diameter o f plasma treated commercial PDMS and glass slide
Table 7.04. The effect o f plasma treatment time on the adhesion. Results from duplicate
samples.
Plasma
Treatment
Time (sec)
Contact Area Diameter (mm) 
1st 2nd Average
3 4.40 4.45 4.43
4 4.55 4.50 4.53
5 4.30 4.55 4.43
7 4.40 4.55 4.48
10 4.55 4.50 4.53
12 4.50 4.60 4.55
15 4.70 4.70 4.70
17 4.45 5.10 4.78
20 4.70 5.05 4.88
22 6.10 6.45 6.28
25 6.85 6.10 6.48
27 7.10 6.90 7.00
30 7.00 7.10 7.05
35 6.90 6.90 6.90
40 6.85 6.90 6.88
45 6.80 6.85 6.83
50 6.90 6.90 6.90
Plasma
Treatment
Time (sec)
Contact Area Diameter (mm) 
1st 2nd Average
55 7.00 6.95 6.98
60 6.90 7.05 6.98
70 6.95 6.90 6.93
80 6.80 6.90 6.85
90 6.75 6.80 6.78
100 6.95 6.80 6.88
110 7.10 6.90 7.00
120 7.00 6.80 6.90
150 6.65 6.80 6.73
180 7.05 6.70 6.88
210 6.50 6.90 6.70
240 6.85 7.00 6.93
270 7.00 6.90 6.95
300 6.90 6.65 6.78
330 6.90 6.85 6.88
360 7.00 6.60 6.80
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The contact area diameter will also depend on the dimensions of the hemisphere used in 
the study, in a similar manner to the effect of loading. For the experimental set-up 
employed for this study, where the only the contact area diameters are recorded with a 
13 N load, further improvements in the adhesion characteristics o f plasma treated glass 
to PDMS cannot be quantified.
Increased loadi- i£
0
1oO
Plasma Treatment Time (s)
Figure 7.08. Family o f  curves o f  contact area diameter versus plasma treatment time as
a function o f loading
7.5. FAILURE ANALYSIS
7.5.1. XPS Analysis
The commercial PDMS hemisphere and glass slide, both plasma treated for 60 seconds 
at 10 W, were simply pulled apart. Fig. 7.09 shows the two failed surfaces, the 
hemisphere and the glass slide. The failure is cohesive in nature, and from the glass 
slide it can be seen that there are two clearly defined regions.
The ‘halo’ region can be described as the contact area made initially by the plasma 
treated hemisphere when loaded with 13 N to the plasma treated glass slide for 60 
seconds. After 18 hours, when the hemisphere has reached its equilibrium condition, the 
hemisphere has relaxed and this relaxation is evident in the appearance o f the ‘halo’, 
which is visible to the naked eye. The ‘blob’ is commercial PDMS that has been pulled 
from the hemisphere during the final mechanical perturbation o f the system needed to 
separate the two components. The thickness of the ‘blob’ varies from 1-2 mm.
241
Chapter Seven: Adhesion Study Results
Figure 7.09. Failed surfaces o f  the adhesive joint configuration.
The glass slide has been analysed by XPS (A1 K a, twin anode, at 300 W and spot size 
500 pm). The survey spectra of the different regions, glass slide, ‘halo’ and ‘blob’ are 
shown in Fig 7.10.
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Figure 7.10. XPS analysis o f the failed glass surface, showing 3 distinct regions.
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The survey spectrum from the glass slide region is typical o f that o f glass, section 7.2.2, 
with the characteristic N als peak at 1073 eV. High-resolution spectra also reveal the 
presence o f the Ca2p doublet from 345-355 eV. The binding energy o f the Si2p is 
located at 103.6 eV, which is evidence o f (inorganic) SiC>2 , Fig. 7.11 (a).
The Si2p peak from the ‘halo’ region was at 102.4 eV, Fig 7.11 (b), revealing that a thin 
overlayer o f commercial PDMS remains at the glass surface. Unexpectedly, the N als  
peak was also present, though with reduced intensity. The lack of the Ca2p peak shows 
that the analysis is not that o f the underlying glass slide substrate. Watts and Chehimi93 
showed that diffusion of a Lewis acid (Na+) from a soda lime glass substrate to a 
polymeric overlayer cast onto it was due to the high mobility o f Na+ ions, whereas 
calcium ions are bound tightly within the silicate network. Both the N als and Na KLL 
Auger peaks were detected by XPS. Na+ is not a contaminant o f the polymers, and 
therefore the Na+ ions have been transferred from the glass substrate into the polymer. 
From their work, Watts and Chehimi determined the following decreasing order o f  
basicity o f a series o f polymers:
PS > PMMA > PEO > PVB > PVC > PVdF
The concentration o f Na+ per repeat unit was calculated for the PDMS in the ‘halo’ 
region from the quantitative XPS data, following their novel method o f “solid state acid- 
base titration”. PDMS can be placed in between PS and PMMA, and the order of  
basicity is then:
PS > PDMS > PMMA > PEO > PVB > PVC > PVdF
Therefore, as Na+ is a Lewis acid, and the PDMS is a Lewis base, it can be suggested 
that the driving force for the sodium diffusion is an acid-base interaction between the 
PDMS and the mobile cation.
The survey spectrum from the ‘halo’ and the ‘blob’ are very similar, with the Si2p peak 
at 102.4 eV, Fig 7.11 (c). The thickness of the ‘blob’, from where the spectrum was 
acquired, was around 1 mm and no sodium was detected (Nals = 0.00% in Fig. 7.10).
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Figure 7.11. Si2p high resolution spectra o f  the: (a) glass slide, (b) ‘halo and 
(c) ‘blob showing the Si2p peak binding energy fo r  the glass slide at 103.6 eV, and at
102.4 eV for the ‘halo ’ and ‘blob ’
7.5.2. Hydrodynamic Stability of Commercial 
PDMS/Glass Interface in Aqueous Medium
When initially prepared the locus of failure of adhesive joints is usually by cohesive 
fracture in the adhesive layer, or possibly in the substrate material. However, a classic 
symptom of environmental attack is that after such attack the joints exhibit some degree 
of apparently interfacial failure between the adhesive and the substrate. However, a 
visual assessment of the fracture surfaces of a joint which has been subjected to 
environmental attack does not indicate exactly the locus o f failure, and techniques such 
as X-ray photoelectron spectroscopy are needed to identify precisely the locus o f failure.
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The lack o f durability o f an adhesive joint is usually connected with the ingress o f an 
attacking medium, such as water vapour or liquid. The interfacial regions have been 
identified as the region where an attacking medium may damage the adhesive joint and 
various mechanisms have been postulated to explain the experimental observations. 
These include: (1) a loss o f interfacial bonding due to a thermodynamic displacement 
process, (2) a loss o f stability o f the oxide layer to which the adhesive is bonded, for 
example due to hydration o f the oxide, and (3) corrosion o f the substrate.
Several mechanisms have been proposed to explain how the ingress o f water occurs in 
adhesive joints. Comyn94 has suggested a combination o f four main routes by which 
water is likely to enter a joint. Water may enter a joint by: (1) diffusion through the 
adhesive, (2) ‘wicking’, in which the water transported along the interface, (3) by 
capillary action, through defects in the coating itself, and finally, (4) if  the substrate 
itself is permeable, then this will allow water to reach the interface.
Thermodynamic work o f adhesion calculations are often used to evaluate the stability o f  
an interface, which can withstand comparatively high stresses when initially prepared, 
and then weakens in the presence o f a third phase. Generally water (though equally, fuel 
or any other solvent likely to come into contact with the adhesive) may be chosen for 
such a calculation. For an adhesive/substrate interface, the work o f adhesion value, in an 
inert atmosphere or dry air, usually has a positive value, indicating thermodynamic 
stability o f the interface.
The term W al is the work of adhesion in the presence o f liquid L, and is essentially the 
difference in free energy per unit surface area between materials 1 and 2 in contact at a 
common interface an the same materials separated along the interface, but in an 
environment of L. Thus W al is defined as
^AL = r u + r 2L - r <2 (Eq. 7.01)
where yn is the interfacial energy between 1 and 2, yu  and yji are the surface energies o f  
1 and 2 respectively in the presence of L.
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Recalling Eq. 7.01, and knowing that,
Tab =rA+rB-  2VrArt - 2Vr'rl (Eq-7.02)
equation 7.01 becomes,
W a l  ~  Yglass/water YSylgard/water ~ Yglass/Sylgard (Eq. 7.03)
The introduction o f the third liquid phase can lead to a negative value o f W al being 
obtained, and indicate the dissociation o f the unstable interface. Although such 
calculations give no indication o f the kinetics o f disbondment, they do suggest whether 
there is a strong likelihood o f failure occurring or not (i.e. whether the reaction is 
thermodynamically possible).
Contact angle measurements from Section 6.3.4 have shown that water wets both the 
plasma treated commercial PDMS and glass slide. The surface energy cannot be 
determined accurately for high-energy surfaces using contact angle measurements with 
water (i.e. for surfaces with energies greater than that o f water, 72.8 mJm'). Metallic 
liquids, such as mercury, have higher surface energies than water, but cannot be used to 
measure surface energies o f polymers, as no metallic interactions take place. For the 
commercial PDMS and glass slide to be completely wetted by water, the plasma 
treatment must have introduced as many oxygen and hydroxyl groups as those already 
present for water.
If water wets both the plasma treated PDMS and glass slide, this means that the surface 
energies o f the plasma treated surfaces are either equal or greater than the surface energy 
of water, 72.8 mJm . The surface energy value for silica quoted in the literature is 287 
mJm*2 (yd = 78 mJm'2, yp = 209 mJm'2). Therefore, if  the surface free energies o f the 
plasma treated surfaces are greater than the third phase the W al will be positive, and the 
interface is thermodynamically stable in the presence of water. There is no 
thermodynamic work to be gained for water to penetrate the commercial PDMS and 
glass slide interface.
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The W al for plasma treated glass and PDMS in the presence o f water has been 
calculated. The surface energy value for plasma treated glass will be that o f silica, i.e. 
287 mJm'2, and 73 mJm'2 for water). The surface energy value of plasma treated PDMS 
will be 73 mJm ', calculated from the contact angle measurement data (Section 6.3.4). 
The dispersive and polar contributions to surface energy are summarised in Table 7.05.
Table 7.05. Surface energy values for thermodynamic interface stability calculations
Surface Energy (m Jm ') Yd YP Y
Water 22 51 73
Plasma Treated Glass 78 209 287
Plasma Treated PDMS 26 47 73
Using Equation 7.02, the following values have been determined,
Yglass/water ~ 70.68 mJm
YSylgard/water 108.31 mJm
_2
Yglass/Sylgard ~  7 1 .7 1  m J m
Recalling Equation 7.03,
W a l  ~  Yglass/water YSylgard/water ~ Yglass/Sylgard (Eq. 7.03)
and therefore, in the presence o f a third medium, water,
W al = ~ 109.34 mJm'2
which indicates that the interface between the plasma treated glass slide and plasma 
treated PDMS is unstable in terms of thermodynamics. It is important to note that 
although this interface is thermodynamically unstable, the kinetics are unknown, (slow 
to spontaneous disbondment).
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The calculations above have been carried out in the assumption that the surface energy 
of plasma treated PDMS, calculated from the contact angle measurements are correct, 
i.e. 73 mJnT . The choice o f liquids used in the contact angle measurements was not 
adequate, and had a limitation, that the maximum resulting surface energy would be 
equal to that o f water, 73 mJm' . If the surface energy of plasma treated PDMS is taken 
to be slightly higher than that of water, for example, y = 80 mJm'2, (yd = 30 mJm'2 and 
yp = 50 mJm'2) then Equation 7.02 becomes,
Yglass/water 70.68 mJm
_2
YSylgard/water 0.62 mJm 
Yglass/Sylgard ~ 65.83 mJm
The resulting W a l is then o f a positive value, W al = 5.47 mJm'2, indicative o f a 
thermodynamically stable interface between the plasma treated glass slide and the 
plasma treated PDMS.
To experimentally confirm the stability (thermodynamic) o f the interface in the presence 
of water, the plasma treated commercial PDMS and glass slide specimens were placed in 
an aqueous environment for a period o f 14 days. After that period, the specimens were 
simply pulled apart. The locus of failure was similar to that obtained with dry samples, 
cohesively, with the usual ‘halo’ and ‘blob’ features. Qualitatively, there appeared to be 
no reduction in the force required to separate the two components, compared to the dry 
specimen couples.
7.6. AGING OF PLASMA TREATED COMMERCIAL PDMS
The adhesion studies described above were carried out immediately after the plasma 
treatment. However, adhesion still took place several minutes after the treatment. 
Aging experiments were carried out on plasma treated (60 s, 10 W) commercial PDMS 
hemispheres to study their hydrophobic recovery behaviour. However, differences were 
noticed depending on the storage conditions of the plasma treated PDMS specimens. 
Therefore, aging experiments were first carried out with specimens stored in closed petri
248
Chapter Seven: Adhesion Study Results
dishes and specimens left to age in open petri dishes. The aging was followed with 
water contact angle measurements. The temperature and humidity of the laboratory 
were 22.0 ± 0.5°C and 45 ± 5 % relative humidity. The results as tabulated below, in 
Table 7.06, and graphically in Fig. 7.12.
Table 7.06. Water contact angles (degrees) o f  plasma treated commercial PDMS.
Aging Time (min) Sealed Open
30 0 0
60 0 22.40
90 0 27.30
120 5.30 30.45
150 9.35 29.90
180 13.65 30.70
210 18.30 34.15
240 20.15 34.85
300 23.65 37.20
360 25.75 35.15
1440 44.05 44.05
After 24 hours of aging, the water contact angles of the plasma treated PDMS specimens 
(both sealed and open) have not reached the water contact angle o f the ‘as received’ 
samples of 118°, but remain at around 44°.
40
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-■— Open
1000 1500500
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Figure 7.12. Aged plasma treated commercial PDMS in sealed and open petri dishes
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The aging properties of plasma treated glass slide substrates were also investigated in a 
similar manner, Table 7.07 and Fig. 7.13. Total wetting of the plasma treated glass slide 
stored in a closed Petri-dish was observed for specimens aged over 6 hours, whereas the 
specimens stored in open Petri-dishes recovered to the ‘as received’ contact angle of 28°.
Table 7.07. Water contact angles o f plasma treated glass slides
Aging Time (min) Sealed Open
30 0 0.00
60 0 16.85
90 0 21.05
120 0 21.30
150 0 24.10
180 0 24.45
210 0 25.00
240 0 26.65
300 0 26.15
360 0 28.85
1440 6.85 28.90
These results show that the hydrophobic recovery of plasma treated specimens is 
suppressed and more predictable for specimens stored in closed Petri-dishes. Therefore, 
for the aging adhesion study of plasma treated commercial PDMS hemispheres with 
plasma treated glass slides, the specimens were stored in closed Petri-dishes, until the 
adhesion experiments were carried out.
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Figure 7.13. Aged plasma treated glass slides in sealed and open Petri-dishes
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Following the adhesion study protocol used throughout the study, the hemispheres were 
loaded for 60 seconds, 13 N load, in contact with a plasma treated glass slide. The 
resulting contact area diameters were recorded after 18 hours. The results are shown 
below in Fig. 7.14.
No adhesion was observed for the plasma treated hemispheres aged for longer than 270 
minutes to the similarly aged glass slides. However, when fresh plasma treated glass 
slides were used with the aged hemispheres, adhesion was again attained. The results 
imply that the active groups responsible for the adhesion o f the PDMS to the glass slide 
still remain active after 4 hours, if  stored in closed Petri-dishes. The limiting factor is 
the level o f contamination o f the aged plasma treated glass slide. The mechanisms of 
hydrophobic recovery o f the PDMS will be further discussed in the following chapter.
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Figure 7.14. Aging study o f plasma treated commercial PDMS hemispheres stored in
closed Petri-dishes.
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7.7. CONCLUDING REMARKS
This chapter has shown that as the plasma treatment time increases, the adhesion of 
plasma treated commercial PDMS hemispheres to plasma treated glass slide also 
increases. The measured contact area diameter increases rapidly to around 30 seconds of 
treatment time. It is clear from the results that adhesion increases further after the 
plateau reached at 30 seconds plasma treatment and above. The Marienfeld soda lime 
glass has been characterised, the contact area diameter results are consistent and 
repeatable, and the time needed for the system to reach equilibrium determined to be 18 
hours. The treatment time of the commercial PDMS determines the level o f adhesion 
achieved. Similarly, loading also plays a part on the adhesion, but not the time that this 
load is applied to the hemisphere and glass substrate set up.
The polymeric materials and aluminium substrates were not adequate for this study. 
Further works needs to be carried out to determine the optimum plasma conditions to 
achieve adhesion of the commercial PDMS to these materials.
This chapter has characterised the failed surfaces between the commercial PDMS 
hemisphere and the glass slide using XPS, and showed that the bonding is via the 
formation o f strong and durable bonds.
The locus o f failure for the plasma treated commercial PDMS and glass slide has been 
determined. The adhesive joint fails cohesively, with two distinct areas, the ‘halo’ and 
the ‘blob’. XPS analysis o f the failed surfaces revealed that a thin overlayer o f the 
commercial PDMS is still present on the glass slide and the appearance o f the N als peak 
in the ‘halo’ region. As Na+ is a Lewis acid, and the PDMS is a Lewis base, it can be 
suggested that the driving force for the sodium diffusion is an acid-base interaction 
between the PDMS and the cation.
Thermodynamic calculations have confirmed the stability o f the adhesive joint with 
water as a third phase, both experimentally as well as theoretically, assuming that the 
surface energy of plasma treated PDMS is greater than that o f water. Some assumptions
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can be inferred from these results. The bonding achieved is very strong, possibly 
covalent, and not due to hydrogen bonds, as previously assumed.
The following chapter will examine the interface created by the adhesion o f the 
commercial PDMS to the glass slide substrate together with the mechanisms o f bonding 
involved. Models explaining the effect o f plasma treatment on PDMS and glass slides 
surfaces will be outlined and the importance o f hydrophobic recovery on these surfaces 
discussed.
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Chapter Eight
The Role of Plasma Treatment in 
Enhancing the Surface Properties of 
PDMS
8.1. INTRODUCTION
In this chapter, the results and observations obtained in the characterisation o f the 
plasma treated model and commercial PDMS are discussed. The first two sections 
discuss the surface analytical results obtained with XPS, ToF-SIMS and AFM, followed 
by the surface energy considerations that can be drawn from the bulk contact angle data. 
Finally, Sections 8.5 and 8.6 will outline the mechanisms o f adhesion that take place 
between the plasma treated commercial PDMS hemispheres and plasma treated glass 
slides.
The results from this study will help in the understanding o f the mechanisms o f adhesion 
between solid elastomeric materials after plasma treatment, and the development o f new 
technology during fabrication of electronic devices3.
The optical emission spectroscopy spectra obtained when the model PDMS was plasma 
treated revealed the presence o f some additional bands which have been attributed 
carbon monoxide, these are not present in the OES acquired when the commercial 
PDMS was plasma treated.
When polymers are treated by an oxygen containing plasma, surface modification 
quickly reaches a steady state in terms o f the surface chemical composition, and this can 
be attributed to an overall balance between oxygen incorporation and evolution o f
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volatile reaction products, H2O, CO, CO2 , oligomers, and so forth. For a fixed set o f 
experimental parameters, the relative importance o f these competing surface processes is 
dependent upon the type of polymer under investigation. All unstabilised polymers 
degrade upon exposure to an oxygen containing plasma, but the rates o f oxidation are 
dependent upon their structure.
The co-polymer crosslinker used in the formulation o f the model PDMS is M-DXH-M, 
where jc = 20, and for the commercial PDMS, x = l .  During curing o f the PDMS, the 
=Si-H crosslinker is consumed to give the desired network, as illustrated in the following 
scheme, Fig. 8.01.
CH3
O — Si — CH — CH2 + H —  Si =
I
c h 3
Pt catalyst
O —  Si —  CH2 —  CH2 —  S is
Figure 8.01. Crosslinking by addition o f vinyl endblocked oligomeric dimethylsiloxane
and SiH groups11.
As the XPS analyses o f the ‘as received’ PDMS have shown, the Si2p spectrum o f the 
commercial PDMS was peak fitted with M, D, T and Q components. On the other hand, 
the Si2p spectrum of model PDMS has been peak fitted with a single peak 
corresponding to D units. These D units have been crosslinked as explained in the 
scheme shown in Fig. 8.01, and the relative number o f such Si —  CH2 —  CH2 —  Si 
links will be greater than those in the commercial PDMS (crosslinker in model PDMS 
formulation is 20 vinyl groups long SiH, compared to 7 in the commercial PDMS). It is 
therefore proposed that the carbon monoxide evolution from the plasma treated model
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PDMS is due to the attack of oxygen (metastables o f atomic and molecular oxygen), as 
illustrated in Fig. 8.02.
O2 O*
c h 3
O — Si — CH2 — CH2 — Si 
CH3
c h 3
O —  Si —  O —  S is  
CH3
CO H2 c h 2
Figure 8.02. Evolution o f carbon monoxide from the plasma treated model PDMS.
8.2. SURFACE ANALYSIS
In the XPS section, a protocol has been established that has enabled complex C ls and 
Si2p spectra to be peak fitted with a high degree o f confidence.
Figs. 6.32 and 6.34 for the plasma treated model and commercial PDMS, respectively, 
show the increase in the aliphatic component in the C ls spectra, whilst the C-Si 
component decreased. This behaviour is common when surfaces are plasma treated, 
resulting on bond breaking and chain scission, as was outlined earlier in Section 2.3.4.1. 
Plasma treatment introduces oxygen functionalities to the surface o f the PDMS that are 
highly active, (oxygen from the air), and enhances oxygen already present in the 
siloxane polymer network.
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In the same C ls spectra, the C-OH component showed an increase that correlates to the 
increase in atomic concentration of oxygen, Figs. 6.29 and 6.30. This increase is rapid 
to around 10 s o f plasma treatment, and reaches a plateau at higher exposure times.
The Si2p spectra provided a wealth o f information regarding the changes taking place 
within the surfaces of the plasma treated PDMS. Sections 6.2.1 and 6.3.1.1 describe the 
peak fitting protocol devised for the Si2p spectra with the M, D, T and Q components. It 
is important to note at this stage that the degree o f confidence in the fitting o f the M and 
Q components at the extremities of the spectrum is not as high as one would like, and 
that the binding energies (and thus quantification) are less certain. Nonetheless, the peak 
fitting results do show a high degree o f self-consistency with gives confidence to the 
approach used for all silicone conformations. The D component o f the Si2p spectrum 
decreases as the T component increases. There is a reversal in the surface concentration 
of T in preference to D, where T is the branching and D is the linear polymeric 
component o f the silicone polymer network. However, with plasma treatment and the 
introduction o f oxygen functionalities, it is important to appreciate that since hydrogen is 
not detected in the XPS, spectroscopically, T = D0H, as well as D = M0H, as shown in 
Fig. 8.03. Similarly, T can also be equivalent to M2(0H), and Q = T0H = D2(0H) = M3(0H).
T d oh
c h 3 c h 3
D Moh
Figure 8.03. M , D T  and Q nomenclature with the addition o f a hydroxide group.
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Therefore, further branching and crosslinking o f the PDMS polymer network may not be 
occurring on plasma treatment, but rather, the substitution o f the hydroxide group for the 
methyl groups attached to the silicon atom, Fig. 8.04.
CHs
/
CHs
OH
\
CHs- S i  0
CHs
OH
■Si-
\
CHs
+
H
C «
H
Figure 8.04. Scheme showing the substitution o f methyl groups in plasma treatment.
This substitution scheme supports the observation made in Chapter 6, in that the 
aliphatic C ls component, C-H, and the C-OH component, increased with plasma 
treatment time, whereas the C-Si component decreased.
From the ToF-SIMS data, it has been shown that there was no further evolution o f silica, 
identified by the ion SiCV at m/z = 60 Da, in the negative ion spectra, with plasma 
treatment. Other authors have reported high relative intensities o f the 60 Da component 
in their plasma treatment studies o f PDMS. However, the plasma conditions and time 
were much hasher and longer (-100 W power and minutes in duration) than the 
conditions employed in this project, which employed 10W power and treatment times of 
seconds. Fig. 6.50 has clearly shown the increase o f the SiOH+ fragment with plasma 
treatment time.
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The increase o f the SiOH+ fragment, as determined by SIMS, is definitive, whereas the 
presence o f the silanol group by XPS results is in the form o f M0H, D0H and T0H. 
However, both spectroscopic techniques complement each other in that exposure of 
PDMS to a plasma results in the introduction o f oxygen functionalities is the form of 
hydroxide groups. Moreover, it is important to note that with the increase o f the 45Da 
mass fragment (SiOH), there was no reduction o f the ion at m/z = 73 Da (Si(CH3)3), but 
rather an increase. Therefore, no conversion o f Si(CH3 )3  to SiOH, but an increase of 
both these fragments, by the introduction o f oxygen functionalities and chain scission, 
supporting the proposed mechanism of T -»  D0H.
XPS data was obtained using the non-monochromated A1 K a X-ray source, as the 
original intention was to extract further chemical state information form the SiKLL 
Auger transitions. However, the complexity o f the Auger spectra meant that the SiKLL 
was not peak fitted and thus a valid Auger parameter value could not determined. 
Nonetheless, the quality of chemical information obtained from the peak fitting o f the 
Si2p spectra is more than adequate even without the added security (as far as energy 
referencing is concerned) that would accrue from using Auger parameter data.
Section 6.3.1.3 explains a novel approach, using artificial neural networks, that has been 
successfully used to classify the C ls spectra produced from the plasma treatment study. 
The artificial neural network approach was developed towards the end o f the study, after 
the peak fitting protocol had been established and used to characterise the numerous 
spectra, and thus was not used more widely in this work. However, the advantages and 
use as a potential tool in aiding surface analysis in the interpretation o f a large number o f 
similar spectra are clearly evident. The neural network software is self-learning and 
sorts the spectra by their similarities. In this manner, it is possible to reduce the time 
spent in data analysis when the spectra are similar. Furthermore, as neural networks 
are self-learning, databases can be built for future use, and when an unknown spectrum 
is interrogated, the routine should be able to classify it by placing it amongst similar 
spectra already classified.
One o f the disadvantages o f using non-monochromated twin anode X-ray radiation is the 
degradation that occurs due to the Bremsstrahlung component o f radiation. Therefore, a 
degradation study o f the commercial PDMS was carried out to determine the
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degradation index, as used in the High Resolution XPS o f Organic Polymers39 by 
Beamson and Briggs, using the Sigma Probe A1 K a  monochromated source. A 
degradation index value o f 2 (percentage damage) was obtained for acquisition times of 
30 minutes that were routine in the majority o f spectra acquisition in this thesis. Thus, 
degradation o f commercial PDMS can be thought o f to be negligible during the times 
employed for spectral acquisition in this work. A similar round-robin study on other 
organic materials to which the author contributed has been published in the open 
literature (Appendix B).
8.3. TOPOGRAPHICAL ANALYSIS
The AFM topographical images o f both the model and commercial plasma treated 
PDMS were rather featureless. However, for the plasma treated commercial PDMS, a 
smoothing o f the surface is observed with short treatment times, and such smoothing 
remains constant with prolonged treatment times. This is now a well accepted 
mechanism that occurs when plasma treating PDMS surfaces, resulting from ablation, 
increased attack by the plasma species at the higher peaks, Fig. 8.05, and rearrangements 
o f the active species.
Ablation by plasma species
Smoother surface after plasma
Figure 8.05. Reduction in surface roughness following plasma treatment.
Section 6.3.2.2 showed the AFM images o f the cracked plasma treated model PDMS in 
a ‘spider-web’-like manner after the sample was tapped repeatedly with the cantilever 
tip. The depth o f these cracks was in the region o f 10-13 nm, with widths o f the order o f
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several hundreds o f nanometers. ‘As received’ model PDMS is very brittle material, 
whereas commercial PDMS, with the addition o f the M/Q resins, imparts improved 
elasticity by the linkages between chains formed by the resin. Plasma treatment of the 
model PDMS increases the brittleness within the ‘plasma modified layer’, and this layer 
cracks when tapped repeatedly with the cantilever tip, Fig. 8.06. The M/Q resins in the 
commercial PDMS inhibit the cracking of this layer.
Cracked ‘plasma 
modified layer’
Model PDMS
M/Q resin
Commercial PDMS
Figure 8.06. Cracking o f the brittle plasma treated model PDMS
The cracking o f the model PDMS resembles the observations made by Owen and Gedde 
on commercial PDMS systems (section 2.3.5.4), in that a silica-like plasma modified 
layer has cracked. However, in the current work, XPS and SIMS results show no 
evidence o f the formation of a similar silica-like layer on the surface o f plasma treated 
model PDMS, and cracking was only observed when the model PDMS was repeatedly 
tapped at high amplitudes. The depth o f cracks were small compared to those reported 
by Owen and coworkers (0.3-0.5 pm), and Hillborg and Gedde (130-160 nm). The 
cracks were also stable with time, an indication that there was no migration o f fresh 
PDMS to the surface, as proposed by the former authors as a means o f hydrophobic 
recovery mechanism. The cracking of the treated model PDMS may indicate, however,
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the presence o f a discrete layer, so called ‘plasma modified layer’ o f approximately 10 
nm in thickness as determined by the depth o f cracking. This observation is supported 
by the force measurements taken with the bare cantilever tips, where slide-outs or 
dislocations were observed. In this case, the slide-out observed in the force curves may 
be due to the penetrations o f the probe tip into the plasma modified layer.
Adhesion forces between a bare cantilever tip and glass ballotini particles attached to the 
underside o f cantilever tips increased with increased plasma treatment time. However, 
some points o f caution are necessary at this stage regarding the results obtained from this 
particular study. Practically, it was not possible to use fresh cantilever tips for each 
force measurement (or freshly plasma treated). This may have had a detrimental effect 
in the force measurements due to cross contamination between the plasma treated PDMS 
surfaces and the cantilever tip, even though the tips were examined under the SEM for 
evidence o f such contamination. Similarly, the glass ballotini particles could not be 
plasma treated in between experimental runs as desired. However, the general trend was 
an increased level o f adhesion with plasma treatment time. The results obtained from 
the force measurement measured the adhesion forces between bare cantilever tips and 
glass ballotini particles and plasma treated PDMS have been carried out in a 
‘microscopic’ level. ‘Macroscopic’ adhesion studies were then carried out with plasma 
treated commercial PDMS hemispheres and plasma treated glass slides. These results 
will be discussed in Section 8.5.
8.4. HYDROPHOBIC RECOVERY AND SURFACE 
ENERGY CONSIDERATIONS
Plasma treated surfaces are frequently far from stable; the surface hydrophilicity created 
by the plasma treatment is often lost over time. This source o f this so-called 
‘hydrophobic recovery’ is caused by the mobility and reorientation o f the functional 
polymer groups in the treated surface layer into the polymer bulk. Plasma treated PDMS 
surfaces exhibit hydrodynamic recovery in order to reduce the increased surface free 
energy that has resulted from the plasma modification, which is also driven by entropic 
considerations when the surface undergoes restructuring and chain reorientation.
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Storage conditions such as temperature and the humidity o f the storage medium (i.e. in 
air or in water) will effect the kinetics and the final degree o f hydrophobic recovery of a 
plasma treated polymer surface. However, it is important to note, that the each plasma 
treatment has its own characteristic kinetics o f hydrophobic recovery, and that different 
types o f plasma yield treated layers o f different thicknesses, densities, crosslinking and 
compositions.
Morra et al96 and Bausch et a t 1 have reported hydrophobic recovery is minimized when 
stored in water. If  the interfacial environment is aqueous, the PDMS polar groups will 
remain in the interface, if  it is air they will reorient to allow unoxidised methyl groups to 
replace them in the outermost surface layer. Storing at lower temperatures slowed the 
recovery o f the treated PDMS specimens. Furthermore, Everaert et a/24 observed that 
hydrophobic recovery o f oxygen plasma treated poly(dimethylsiloxane) was faster at 
elevated temperatures up to 393 K than at room temperature, and suppressed in liquid 
nitrogen. This can be readily explained by the ease and speed o f molecular movement at 
these two extremes o f temperature. It is also reported that polymers after plasma 
treatment may have a layer of short-chain oxidised water-soluble material on their 
surfaces, also termed LMWOM (low-molecular-weight oxidised material), resulting 
from chain scission. The water soluble LMWOM is dissolved during storage in water, 
and thus hydrophobic recovery is minimised, and suppressed in liquid nitrogen, 
compared to storage in ambient air. The use o f gentle plasma treatment for short periods 
o f time is not expected to create an LMWOM layer, though the possibility o f the 
presence o f such layer needs to be taken into consideration for harsher and prolonged 
treatments.
Contact angle measurements have been used to study the hydrophobic recovery 
properties o f the treated surfaces, and the effect o f storage conditions, as shown in Figs. 
7.12 and 7.13. It was observed that the rate of hydrophobic recovery was delayed for the 
plasma treated specimens that were stored in sealed Petri-dishes, compared to those 
specimens that were stored in the open. These PDMS and glass slides specimens stored 
in the open are subject to the normal equilibrium conditions o f adsorption and 
desorption, and thus have rapid hydrophobic recovery rates, Fig. 8.07. When the treated 
specimens are covered, or stored in sealed Petri-dishes, adsorption and desorption are 
removed from equilibrium, resulting in reduced kinetics o f hydrophobic recovery.
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N2, O2, H2O
Closed Petri-dishOpen Petri-dish
Plasma treated
PDMS
Figure 8.07. Effect o f storage conditions on kinetics o f hydrophobic recovery.
The surface free energy value o f the ‘as received’ PDMS specimen has been calculated 
to be 22 mJm'2 from contact angle measurements o f three liquids, water, hexadecane and 
di-iodomethane using the Owen/Wendt/Young equation. For the plasma treated PDMS 
and glass surfaces, a surface energy value o f 73 mJm' was calculated, regardless o f the 
treatment time. Upon examination of the Owen/Wendt/Young equation showed that the 
choice o f liquids was not appropriate to determine high surface free energy surfaces with 
surface energy values greater than that o f water, i.e. y > 73 m J m ', as water 
spontaneously wets the plasma treated surfaces. As these measurements were not made 
at the University of Surrey laboratories, it was not possible to arrange for the 
measurements to be made using more appropriate liquids once the initial measurements 
had been made.
The thermodynamical data calculated to determine the stability o f the plasma treated 
PDMS-glass couple in the presence o f a third medium supports the fact that plasma 
treated PDMS has a surface free energy higher than that o f water. Furthermore, 
literature values5,95 quote the surface energy o f glass to be in the region o f 200 mJm'2. 
The thermodynamical stability results show that the plasma treated PDMS-glass couple 
is thermodynamical stable in the presence o f a third aqueous medium, without any 
consideration to the kinetics of this stability. One should recall that it is only when 
failure is predicted from work of adhesion considerations that the kinetics needs to be 
considered.
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8.5. ADHESION OF COMMERCIAL PDMS TO GLASS 
SUBSTRATE
The adhesion o f plasma treated commercial PDMS hemispheres to plasma treated glass 
slides increases with plasma treatment time. In the adhesion study experimental set-up 
followed in this work using a modified JKR approach55, there was a load limiting factor, 
resulting in a maximum degree o f adhesion achieved after 30 s o f plasma treatment time. 
The time o f contact, however, did not affect the level o f adhesion achieved. The level o f 
the loading was an important factor, as this load provides the intimate contact between 
the two plasma treated surfaces, a must for good adhesion. In addition, the application 
o f load is able to ‘squeeze-off any adventitious low molecular weight material 
(LMWOM) from the contact area that might otherwise behave as a weak boundary layer.
From the failure analysis results, two distinct regions were present on the failed glass 
slide side o f the test couple, described as the ‘blob’ and ‘halo’ regions. After the initial 
13 N load was removed from the test couple, the system was allowed to reach 
equilibrium for 18 hours before the contact area diameter was measured and recorded. 
The ‘halo’ is the initial contact area between the PDMS hemisphere and the glass slide, 
with a cohesive failure mode. As PDMS exhibits viscoelastic behaviour, the hemisphere 
relaxes from the initial ‘halo’ region to the equilibrium state ‘blob’ region. The failure 
that occurs at the ‘blob’ region is destructive and o f a cohesive nature, indicating strong 
adhesion between the plasma treated commercial PDMS and the glass slide. XPS 
analysis o f the failed plasma treated surfaces revealed that a thin overlayer o f 
commercial PDMS remained at the glass surface (‘halo’ region), and the presence o f Na+ 
(Nals peak). It has been shown that the Na+ is not a contaminant o f the polymer and 
thus, the ions have been transferred from the glass substrate into the polymer, due to the 
high mobility o f the Na+ ions. Na+ is a Lewis acid, and following the work o f Watts and 
Chehimi93, the PDMS has been placed in a basicity scale as a Lewis base (the driving 
force for the sodium diffusion is an acid-base interaction between the PDMS and the 
mobile cation).
The plasma treated commercial PDMS and glass slide test couple has been found, 
experimentally and calculated using the work o f adhesion in the presence o f a liquid, 
W a l ,  to be thermodynamically stable in aqueous media, (though no measure o f kinetics).
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The following section will continue and discuss the mechanisms o f adhesion between 
the plasma treated PDMS and glass slide that result in enhanced surface properties and 
strong durable bonds between the two substrates.
8.6. MECHANISMS OF ADHESION
There are two mechanisms o f adhesion that can explain the adhesion o f plasma treated 
commercial PDMS hemispheres to glass slides, namely diffusion and adsorption 
mechanisms. The AFM surface roughness measurements have shown surface 
smoothing with plasma treatment, and therefore, mechanical interlocking as a 
mechanism for adhesion in this work has been discarded.
With regards to diffusion as a mechanism of adhesion, little or no diffusion is expected 
to take place between the PDMS and glass slide due to the hardness or compliance o f the 
glass slide, regardless o f the load used to bring the two surfaces together. The adhesion 
study was performed with two plasma treated commercial PDMS surfaces to test for 
diffusion theory, and the possibility o f interpenetrating networks between the substrates, 
but very little adhesion was observed.
Therefore, the adsorption mechanism of adhesion is the main mechanism that can 
resolve the high level o f adhesion achieved between the plasma treated PDMS 
hemisphere and the plasma treated glass slide. It has previously been shown by the 
failure analysis study, that acid-base interactions between the treated PDMS and the 
glass slide are taking place. The strong non-reversible adhesion developed between the 
plasma treated PDMS and the glass slides indicates the presence o f other mechanisms of 
adhesion. The formation of metallic and ionic bonds between PDMS and glass is not 
possible, and therefore, it is proposed that covalent bonds are formed by a condensation 
reaction, Si-OH + OH-Si = Si-O-Si + H2O, Fig. 8.08, in conjunction with acid-base 
interactions. Further support for the hypothesis o f the presence o f covalent bonds is 
shown by the stability o f the adhesion test couple in water, and the forces required to 
separate, destructively, the PDMS from the glass slide.
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Therefore, as the silanol groups have a higher surface energy than that o f the PDMS 
network (methyl groups), so they prefer to remain below the surface. When two such 
surfaces are brought into intimate contact by means o f an external load, a surface 
reconstruction may occur and the (= SiOH) groups on opposite sides o f the interface can 
combine to form hydrogen bonds or condense to form (= Si —  O —  Si =) bonds, with 
water as the condensate, and released through the permeable PDMS. The energies 
needed to break such bonds are much higher than the energy required to separate neat 
PDMS surfaces (bound by van der Waals forces). Hence the adhesion between such 
surfaces is greater than that between typical PDMS surfaces.
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Figure 8.08. Covalent bond formation between the plasma treated commercial PDMS
and the plasma treated glass slide.
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8.7. FINAL REMARKS
In this chapter, the role o f plasma treatment in enhancing the surface properties o f 
PDMS have been discussed. A rigorous and comprehensive peak fitting protocol has 
been used to characterise the surfaces o f the plasma treated PDMS, and these 
observations correlated to ToF-SIMS results, showing that plasma treatment introduces 
oxygen functionalities in the form of silanol groups. These silanol groups are 
responsible for the excellent level of adhesion developed between the plasma treated 
PDMS and glass by a condensation reaction, to form covalent bonds, as well as acid- 
base interactions. No evidence o f a silica-like layer was found in the treatment o f the 
PDMS specimens used in this study, and the cracking observed was due to the properties 
o f the model PDMS rather than cracking o f a brittle layer produced by plasma. The 
modifications taking place on the PDMS surfaces on exposure to plasma have been 
modeled, and furthermore, models for the mechanisms o f adhesion between plasma 
treated PDMS and glass have been proposed.
The following chapter will now draw the conclusions resulting from the current study 
work, and outline further work that have transpired in the course o f the study.
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Chapter Nine
Concluding Remarks and 
Future Work
9.1. CONCLUDING REMARKS
The aim o f this work program was to gain a better understanding o f the physico­
chemical reactions and changes taking place on plasma treated PDMS surfaces. 
Extensive use has been made o f surface analytical techniques to understand how plasma 
treatments can enhance the surface properties of PDMS. Surface modification o f the 
PDMS in this study was carried out by exposure to a mild, low pressure, air plasma, for 
short treatment times, and the plasma generated was fully characterised by optical 
emission spectroscopy.
Exposure o f PDMS to air plasma results in the introduction o f oxygen functionalities 
and the formation o f silanol groups by various mechanisms. XPS and SIMS 
characterisation o f the treated PDMS surfaces revealed the presence o f the silanol 
groups, with the concentration of these groups increasing with plasma treatment times, 
while XPS degradation studies confirmed that the PDMS surfaces were not likely to 
have been degraded during the analysis period.
The presence o f the silanol groups modify the otherwise low surface free energy PDMS 
into a high energy surface, which is spontaneously wetted by water. Plasma treatment of 
glass slides showed the formation of similar silanol groups on the glass surface. When 
the treated surfaces o f the PDMS and glass were brought into intimate contact by means 
of an external and constant load, strong and durable level o f adhesion was achieved, with 
a cohesive failure mode being observed when the couple was separated. The level o f 
adhesion was found to be dependant upon plasma treatment time and load, irrespective
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of the loading time. The mechanism of adhesion is thought to be a combination o f acid- 
base interactions between the Lewis base plasma treated PDMS and glass, and covalent 
bonding following a condensation reaction o f the silanol groups to thermodynamically 
stable Si-O-Si bonds.
Good levels o f adhesion were observed for plasma treated PDMS samples even hours 
after treatment, if  they were stored in sealed Petri-dishes. Contact angle measurements 
confirmed this observation. It was noted that storage conditions had a marked effect on 
the hydrophobic recovery of plasma treated PDMS.
Plasma treatment o f PDMS produces smoother PDMS surfaces, as a result o f ablation 
and rearrangement o f active species. Cracking o f the model PDMS was observed when 
the treated surface was repeatedly tapped by an AFM cantilever tip. This cracking was 
attributed to the inherently brittle nature o f the model PDMS, and not the cracking o f a 
plasma treatment generated brittle silica-like layer, which has been reported by other 
workers. Similar tapping o f treated commercial PDMS showed no signs o f cracking, as 
resins introduced in the formulation o f commercial PDMS impart improved elasticity to 
the network.
9.2. FUTURE WORK
In view o f the experimental results and observations made in this study, the following 
recommendations are proposed for future study:
■ Having established that silanol groups are responsible for the enhanced surface 
properties o f plasma treated PDMS, it would be o f interest to quantify these 
silanol groups with adsorption isotherms, and relate the density o f silanol groups 
to the adhesion. Similarly, in this work, the level o f adhesion between the 
plasma treated PDMS and glass substrate was not quantified. Quantification o f 
the adhesion could be then related to the density o f silanol groups as a function 
o f treatment time.
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■ A study o f the plasma treated surfaces by angle resolved XPS would further the 
understanding o f the effect o f plasma, mechanisms o f hydrophobic recovery, and 
determine whether there are any sub-surface concentration gradients.
■ In this study, mild, low pressure, air plasma was used to treat the PDMS surfaces. 
Investigation into the effect of different plasmas, plasma powers and treatment 
times would greatly enhance the understanding o f the physico-chemical reactions 
taking place on plasma treated PDMS surfaces. Artificial neural networks, o f the 
type devised in this work, could be employed to classify and aid in the 
interpretation o f large number of similar XPS spectra to reduce the time spent in 
data analysis.
■ The surface free energy o f plasma treated PDMS could not be determined during 
the course o f this study. Therefore, a study should be carried out to investigate 
the effect o f plasma treatment on the surface free energy, and relate to the results 
presented in this study.
■ It has been reported in this study that the storage conditions o f plasma treated 
PDMS has an effect on the hydrophobic recovery, and further investigation o f 
different storage conditions and media will aid in the overall understanding o f the 
recovery mechanisms.
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INTRODUCTION
Poly(dimethylsiloxane), PDMS, is one o f the polymers with the lowest surface energy in common use. It possesses 
hydrophobic surface properties, high surface resistivity, low density, good processability and good electrical properties. 
The use o f plasma treatment to increase the wettability of polymers has been known for a considerable time [1). The most 
familiar application o f plasma treatment of polymers is to improve the bondability o f polymers to dissimilar materials 
while producing no cliange in their bulk properties. Various authors have studied the effects o f plasma treatment on the 
surface o f PDMS, [2 -  4], and Mittal [51 lias described a range o f plasma treatment techniques for polymer surface 
modifications.
When high power, long treatment times were used, the top siloxane layer was transformed into a thin, uniform and 
brittle silica-like surface afier plasma treaunent in oxygen-rich atmospheres [6].In this study, the physico-chemical 
reactions and changes taking place on the plasma treatment o f PDMS surfaces under soft plasma conditions are 
investigated. The study shows that there is no formation o f a discrete altered layer at the PDMS surface. The changes 
have been followed analytically by variations in the surface composition of the treated surface with the aid o f X-ray 
photoelectron spectroscopy (XPS) and time of flight secondary ion mass spectroscopy (ToF-SIMS). An adhesion 
procedure described in the literature is used to probe the effect of plasma treatment on the surface properties o f silicones 
[7,8].
EXPERIMENTAL
Plasma treatment was carried out in a PlasmaPrep 100 unit from NanoTech, running at 0.16 mbar pressure, using an 
inductively coupled (13.56 MHz) plasma and equipped with a cylindrical quartz-made reaction chamber. The feed gas 
was atmospheric air. Temperature and humidity were closely monitored and in the range of 22-25°C and 40-50% 
humidity for all the plasma treatments.
The following two surface analysis techniques were used in this study:
a) XPS using a Thermo VG Scientific Sigma Probe, non-monochromated A1 K a  radiation with energy of 1486.6 eV. 
Data analysis using manufacturer's software, Avantage v. 1.46. Pass energy for the survey 50 eV. and 20 eV for the 
narrow scans
b) Time of flight SIMS using a VG Scientific type 32 system with a double stage reflectron time of flight analyser and 
pulsed Ga* ion source
The adhesion procedure was carried out on the plasma treated Sylgard™ 184 hemispheres. A load of 13 N was applied to 
the hemisphere and the substrate (plasma treated glass slide) for 60 seconds. Fig 3. This load was kept constant by 
means o f a bulldog clip. The 13N load transferred a pressure o f 0.28 MPa to the hemisphere, (determined by Sensor 
Products Inc.).
MATERIALS
The silicone elastomer used in this study is Sylgard™ 184. a commercial material from Dow Coming, prepared by cross- 
linking of end-funclionaliscd poly(dimcthylsiloxanc).
The components for preparing the elastomers were supplied in two parts, the polymer base and the curing agent. After 
mixing the two components following manufacturer’s recommendations, the mixture was deaerated and poured onto 
0.25 nun thick 99.0% pure aluminium foil (from Goodfcllows). 10 pm wet thickness films of silicone elastomers were 
created by using a wirc-bar coaler (5pm dry thickness films). The curing reaction was carried out in an oven at 70°C for 
2 hours [2, 7]. Once cured. 1 cm diameter silicone discs were punched out of the aluminium foil.
Hemispherical Sylgard™ 184 lenses were made by curing the silicone formulation in a three-phase medium composed of 
the silicone, HPLC grade water, and polyester Mylar sheet [7|. 1 ml plastic disposable syringes were used to ensure tliat 
the hemispheres were of similar size. The lenses were then cured at 70°C for 2 hours. Fig 2.
High resolution XPS scans were peak fitted using the manufacturer’s 
software. Fig 7 shows the C ls  for Sylgard™ 184 plasma treated for 30 
seconds, before and after peak fitting. The peaks were cliarge shifted to
284.4 eV  in reference to the C-Si peak. High quality information was 
available for the C ls  and the Si2p spectra. Fig 8. The Si2p peak was 
fitted using an additive shift o f 0.6 eV between the different M, D, T 
and Q units.
The major features o f  the ToF-SIMS positive spectra and tlie changes 
with plasma treatment are shown in Fig 9. There were no noticeable 
changes in the negative spectra, Fig 10. The main differences are only 
noticeable when high resolution scans are performed at m/z= 45 and 
55, Fig 1 la  and Fig 1 lb, respectively. A sharp increase in the SiOH 
fragment is noticeable, with a more gradual increase in tlie C2H50  in 
the 45 mass region, whilst at m/z= 55, SiC2H3 decreases in preference 
to the increase o f C4Hr  These changes were not gradual with 
treatment, but were abruptly seen at tlie 30 seconds treatment.
RESULTS
Fig 4 shows contact area diameter at equilibrium between tlie silicone lens and tlie glass slide, as a function o f plasma 
treatment time. Measurements were taken 18 hours after tlie load of 13 N was removed, when an equilibrium condition 
in tlie contact area diameter is reached.
The contact area increases rapidly from 0 to 20 seconds o f treaunent and then reaches a plateau after 30 seconds of
treaunent. Adhesion was still observed for specimens plasma treated for over 360 seconds.
XPS results, Fig 5, show an increase in tlie atomic concentration of C ls  and a similar decrease in tlie O ls  peak at a
plasma treaunent of 20 seconds. This is clearly seen in the survey spectra. Fig 6.
Fragment Ion Exact Mass Fragment Ion Exact Mass
u W
Fig 12 shows the changes in tlie m/z=73+ and 45’. Note the discontinuity in the trend at 15 seconds of plasma 
treaunent. After 30 seconds o f treatment, tlie percentage of SiC3H9 and C2H50  level off. Similarly, there is a rapid 
increase o f OH' and SiOH+ but this also levels off after 30 seconds o f plasma treatment, Fig 13. There was no 
evidence o f S i0 2 formation from both the SIMS and XPS data when tlie PDMS was plasma treated at 10W and for 
tlie plasma treatment times chosen for this study.
Plasma Treatment Time (sec)
The Sylgard™ 184 hemispheres used for tlie adhesion study were 
tested by simply pulling tlie two glass slides apart. Tlie failure was 
o f a total cohesive nature, even when tlie hemispheres and tlie glass 
slides were immersed in water for more tlian 2 weeks. Tlie glass 
slide was analysed by XPS, Fig 14. Tlie binding energy o f the Si2p 
for glass is located at 103.6 eV, whilst the Si2p for PDMS is at
102.4 eV. The Si2p from tlie thin “halo” (original contact area) and 
thick “blob” was that o f PDMS.
CONCLUSIONS
XPS, and ToF-SIMS have been used to follow the chemical 
changes occurring at the surface o f PDMS elastomer 
subjected to an air plasma treaunent. The presence o f silanol 
groups lias been confirmed by XPS and SIMS.
Adhesion o f tlie plasma treated PDMS hemisphere to tlie 
glass slide is due to the formation of silanol groups. Failure 
analysis o f the hemisphere and the glass slide by XPS show 
a complete cohesive failure type at the PDMS hemisphere.
From this study and tlie soft plasma conditions used, there 
was no evidence o f a S i0 2-like layer, otherwise obtained 
with longer and more powerful treatments, and there was no 
formation o f a discrete altered layer at the PDMS surface 
with plasma treatment.
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O f all the contemporary surface characterisation methods, X-ray photoelectron 
spectroscopy is the most widely used. XPS is a very useful tool for contributing to the 
understanding o f the effects o f surface treatments. In order to extract meaningful trends, 
as a function o f treatment level, appropriate methods for data analysis are required. 
Nowadays, with modem data systems, even the most complex data analysis methods can 
be realistically considered. The information provided by XPS is contained normally in a 
spectrum that consists o f a number of overlapping peaks, often o f different peak shapes 
and intensities. There are several factors important in peak fitting, such as background 
removal, charge correction, peak positions and widths and data analysis software used. 
This process is, however, still rather subjective and depends, to a large extent, on 
operator expertise.
In many cases, one can have a data set, for example a series o f C ls  spectra that are very 
similar to each other. Analysing each peak individually by curve synthesis is a very time 
consuming process that might or might not provide the required information. In this 
study, the effects o f air plasma treatment on polydimethylsiloxane, PDMS, networks 
have been studied. XPS spectra were acquired from a series o f plasma treated specimens 
for different times. The plasma used was RF-induced (13.53 MHz), 10W power and 
chamber pressure o f 150 mTorr. XPS was employed as the surface sensitive technique to 
follow the changes with plasma treatment due to its surface sensitivity and ability to 
identify different chemical species by their shift in relation to a reference peak, such as 
the C ls. The changes that take place are gradual and more than 100 C ls  spectra were 
produced in this study.
*A novel approach, using neural network software, has been successfully used to classify 
the C ls spectra produced from the plasma treatment study. The neural network software 
is . self learning and sorted the spectra by their similarities. When a totally different 
spectra was introduced, the neural network attempted to classify it and place it as near as 
possible to the most similar spectra.
In this manner, it is possible to reduce the time spent in data analysis when spectra are 
similar. Furthermore, as the neural network is self learning, a database can be built for 
future use. For example, when an unknown spectra is introduced, the routine should be 
able to classify it by placing it amongst similar spectra already classified.
The results to be presented will indicate both the reproducibility and reliability that such 
an approach can yield in classifying a large number o f very similar spectra. This is 
particularly valuable in circumstances where the time o f peak fitting would not be 
justified.
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